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Abstract. An attempt is undertaken to acquaint the reader with a history of research
and applications of dynamic nuclear polarization (DNP) in the most concise form
the main focus on the first three decades of DNP research, and the history of the
discovery and development of multiparticle DNP and its relationship with the
spin temperature approximation are outlined in some detail. The article empha-
sizes the role of such researchers as Anatol Abraham, Maurice Goldman, Michel
Borghini, Thomas Wenckebach, Vadim Atsarkin, Boris Provotorov, Maya Rodak,
Mortko Kozhushner, Levan Buishvili, Givi Khutsishvili. As far as possible, the con-
tributions of many other scientists are considered. The establishment of a uniform
temperature for nuclear spins due to the effect of spin diffusion was first proposed
by Nicholas Blombergen in 1949. The content of the article is based on the bibliog-
raphy available in the public domains, in particular on the memoirs of the research
participants, and first of all on the materials of Atsarkin’s 1978 review in Sov. Phys.
Uspekhi and on the oral history of the development of the multiparticle concept of
DNP effects, collected from the speeches of the participants of the Moscow seminar
“Problems of Magnetic Resonance” in 2001. A simplified description of the effects
of DNP and a summary of the history of their discovery is given in section “Intro-
duction” The brief biographical data and portraits of participants in the DNP study
are given in Appendix 1, and a selected bibliography on the problems of DNP and
spin temperatures is given in Appendix 2. The bibliography divided into four sec-
tions according to the time and type of publication (I - historical research, mem-
oirs; II - monographs, reviews; III - original publications 1953 - 1983; IV - some
original publications of a later time, mainly during the transformation of DNP into
an method for the implementation of nuclear magnetic spectroscopy and tomogra-
phy in the interests of chemistry, biochemistry and medicine). The widespread use of
DNP methods is evidenced, for example, by the fact, that by now company Bruker
BioSpin has installed about 50 gyrotron based spectrometers for DNP operating up
to 593 GHz worldwide to date.
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1. INTRODUCTION
1.1. General remarks

The degree of polarization is determined by the
relative excess among the spins of some type such a one
with a lower energy of interaction with the magnetic
field. Therefore, this configuration is stable. The lower a
lattice temperature T is, the greater an excess of spins
at the lowest quantum levels. The higher the induction
of the magnetic field in which the sample is located, the
higher the degree of polarization. The increasing of mag-
netic field’s induction B, causes enhancement of polari-
zation. This method of increasing polarization was once
called the “brute force method”. The increase in polari-
zation with decreasing lattice temperature is also natu-
ral. That is why experiments with polarized nuclei at low
absolute temperatures T; < 4.2 K are so widespread. The
thermal polarization Pg, regardless of T}, for example,
for spins S = ¥ is equal to:

Py, = tanh(2270) (1)

Hereafter yg is the gyromagnetic ratio for electron
spins, y; is the gyromagnetic ratio for nuclear spins, # =
h | 2m is the Planck constant, k is the Boltzmann con-
stant. The total paramagnetic moment of each type of
spins I=% with a total number N and gyromagnetic ratio
y; and magnetic moment p; under conditions of interac-
tion with lattice located at the absolute temperature T; is
equal ( for u;B, <<kT;) to:
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M, = LR @)

However, it turns out to be possible, using magnet-
ic resonance and other “pumping” methods, to create
quasi-equilibrium configurations with anomalous deple-
tion of the lower levels or even with an excess of spins
at higher energy levels. It is dynamic nuclear polariza-
tion (DNP). Under conditions of continuous action of an
alternating electromagnetic field with a frequency close
to the ESR resonance of paramagnetic centers (PC), the
Zeeman system of nuclear spins takes on a temperature
T, that differs from the lattice temperature, and therefore:

y?hZNB,

|M>(-| — 77M0 — ( IZkTI ) (3)
where n<S is “the enhancement coefficient” or enhance-
ment of nuclear polarization. The dynamic nuclear
polarization for nuclei with y; may be of the order of
thermal electron polarization for PC with ;.

For an arbitrary spin number I, the corresponding
values of the total magnetic moment and, therefore, the
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integrated intensity of the NMR signal are [Abragam.
11.1961. Chapter VIII]:

y?h2ZNBoI(1+1)
M, = (IT;L) Qa)
Y?h2NBoI(I+1)
|M>(»| = ( I 3k(;1 ) (30)

Anomalous polarization is characterized in condi-
tions DNP (in the simplest case relatively high tempera-
tures) by formula (3a), similar to (2a), but with the posi-
tive or negative inverse temperature of the nuclear Zee-
man system possibly much more in absolute value than
the inverse lattice temperature) |T;|~ 1>>(T)~ .

Methods of dynamic polarization of nuclei employ-
ing ESR saturation began to develop in 1953. The mecha-
nism of DNP was discovered and elementary magnetic
resonance acts of one kind of electron spins S directly
interacting with nuclear spins I was studied (Overhaus-
er effect (OE) [Overhauser. III. 1953A;1953B; Carver and
Slichter. 111.1953]). The processes were discovered soon
[Abraham M., Kedzie, Jeftries I11.1957] with a satura-
tion of the combined resonance A))S:I. of the spins
of two particles (an electron and one of the nuclei). In
the so called solid effect (SE), the result is achieved due to
the microwave-induced forbidden electron-nuclear tran-
sitions A,).)S,I., when each of the transitions two spins:
S and I. The latter DNP mechanism is effective for solid
dielectrics with a high density of polarized nuclei I (see
below about nuclear spin diffusion) and was discovered
by Abragam [Abragam, Proctor. III. 1958]. In previous
formulas A, are the components of hyperfine interac-
tion tensor.

Later (1963-1967), the mechanisms were observed
evidently with excitation of processes involving three
spins (two electron and one nucleus, so called “electron-
nuclear cross-relaxation” (ENCR) or cross-effect (CE))
through saturation on the wings of the ESR lines [Kess-
enikh et al. I11.1963; Hwang and Hill. II1.1966A; 1966B].

The DNP mechanisms involving many electron
spins were discovered almost simultaneously (1962 -
1968). In such mechanisms of nuclear polarization, the
so-called thermal mixing (TM) and dynamic cooling
(DC) DNP occurs due to the transfer of collective energy
of electron spin-spin interactions, i.e., we are faced with
an essentially multiparticle effects [Abragam, Borghi-
ni. I11.1962; Provotorov, Kozhushner. III. 1967]. This
was immediately confirmed in the important experi-
ments performed by Atsarkin, Mefed, Rodak [Atsarkin
et al. I11.1967], by Dutch physicists [Wenckebach et al.
I11.1968; 1970], and by French physicists. The detailed
analysis of the relationship between TM and CE is given
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by Wenckebach (see [Wenckebach I1.2016; IV.2017; IV.
2019A;2019B]. The first steps of discovery and master-
ing of these two late DNP mechanisms were considered
in the article [Atsarkin, Kessenikh. 1.2012]. If we talk
about dynamic polarization through the excitation of
transitions between mixed electron-nuclear states, then
this effect is provided usually by the nuclear spin diffu-
sion inside the array of matrix nuclei (see for example
[Khutsishvili.III. 1954; Khutsishvili.II.1968]), although it
also manifests itself on the nuclei of the substance dis-
solved in the matrix. It should be noted that the diftu-
sion mechanism of nuclear spins in a solid-state matrix
was first suggested by N. Blombergen before the discov-
ery of DNP processes [Blombergen. I11.1949].

When the dipole-dipole and exchange interactions
in the system of electron spins of the paramagnetic cent-
ers (PC) are sufficiently large and their energy is at least
comparable to the energy of effects leading to inhomo-
geneous ESR broadening, the effects of dynamic cooling
(thermal mixing) with a multiparticle transfer of polari-
zation from the electron spin-spin reservoir to the nucle-
ar Zeeman system come to the fore in the DNP mecha-
nisms.

2. THE THERMAL MIXING OR DYNAMIC COOLING.
UNDER THE SIGN OF PROVOTOROV’S THEORY

The mechanisms of DNP and related phenomena dis-
covered or predicted earlier remained in the repertoire
of researchers and were successfully developed further.
The Overhauser effect in nuclear spin systems with dif-
ferent resonant frequencies has become an almost rou-
tine method in nuclear magnetic resonance [Noggle.,
Schirmer. I1.1971.]. Numerous studies in weak magnetic
fields (up to the induction of Earth’s magnetic field) have
also been partially based on the Overhauser effect. The
“solid effect” discovered by A. Abragam was successfully
used for proton polarized targets. Separate studies of the
three-spin ENCR (CE) mechanism have also been per-
formed. However, the main direction of research on DNP
and related phenomena in the 1960s-1970s was the study
of the effects of thermal mixing of the nuclear Zeeman
system with the subsystem of dipole-dipole interactions
of electron spins discovered by Boris Provotorov.

Anyone who dealt with the problems of magnetic
resonance in the 60s-70s will immediately remember
what works [Provotorov. 111.1961; Provotorov. I11.1962]
mean and what role they played in the development of
this field of science.

The essence of Provotorov’s theory is that there exist
an inverse temperature and one more inverse tempera-

ture, which are the inverse temperatures of the Zeeman
interaction and the dipole-dipole interaction. The con-
cept of two temperatures is applicable both in a coordi-
nate system rotating with the frequency of a radio-fre-
quency field and in a laboratory coordinate system, and
the schools of A. Abragam - M. Goldman and A. Red-
field (see classical monographs [Goldman.I1.1970; Abrag-
am and Goldman.I1.1982]) predominantly use a rotating
system coordinates. The relationship between the inverse
temperatures of the two reservoirs is determined by Pro-
votorov’s equations. Here is the record of Provotorov’s
equations in the classic monograph by M. Goldman in
the laboratory system:

da' Ay dp_ A
== —W{ ——ﬂ} =W (0’ — A) @

where A = w, - w (detuning the microwave frequency w
from resonance); D = yH,, - the average shift of the res-
onance frequency of each of the dipoles in the local field
H, (that is, in the field caused by neighboring dipoles);
Factor proportional to the square of the amplitude of the
resonant magnetic field W = nw;*¢(A) - the probability
of transition between spin magnetic sublevels under the
influence of a rotating magnetic field with amplitude
H1=%, where g(A) - line shape function. The prime
at = -— in Goldman text corresponds to the Zeeman
temperature in the laboratory system, while the author
of [Goldman. I1.1970] and his immediate colleagues con-
sider most of the problems in a rotating coordinate sys-
tem. The value f = T— is a inverse temperature of spin-
spin reservoir introduced in Provotorov’s works.

It should be stressed for formal thermodynamics
that the revolutionary idea of Provotorov was to assign
two temperatures to a single system of spins. This was
theoretically a controversial innovation, especially
because - except in the high temperature approxima-
tion—these two temperatures cannot be assigned to
two separate energy reservoirs. J.Philippot - [Philippot.
I11.1964], considered the inverse Zeeman temperature as
a chemical potential and the inverse dipolar interaction
temperature as the real inverse temperature.

The method of two reservoirs proposed by Provo-
torov for a system consisting of one kind of spins turned
out to be extremely fruitful. This method is suitable both
for systems with several resonance lines, and for spin
systems with spins of different types, with sharply dif-
fering values of gyromagnetic ratios. The case when the
resonance frequency of spins with a low y; value is close
to the width of the resonance line of spins with high y;
is especially interesting.

Wenckebach in his article [Wenckebach. IV.2019B]
points out the approximation of the fluctuating field
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introduced by Buishvili [Buishvili. II1.1965 - 1966], Pro-
votorov and Kozhushner [Provotorov and Kozhushner.
I11.1967; Kozhushner. I11.1969] and subsequently further
developed by Goldman [Goldman et al. IV.1974] — the
case of generalized approach taking into account the
interaction of nuclear spins with the whole dipole res-
ervoir of electron spins. The version of the multiparticle
DNP mechanism was the most popular in 1960s years.
Note that Soviet researchers in the 60s and partly 70s
accounted for at least 20% of that invisible college that
dealt with the problems of spin temperatures and spin
polarizations. Of those who were directly involved in
the development and experimental verification of Pro-
votorov’s theory, mention should be made primarily of
Mortko Kozhushner, Oleg Olkhov from the Institute of
Chemical Physics, Maya Isaakovna Rodak, Vadim Atsar-
kin, Anatoly Yegorovich Mefeod, Sergey Morshnev et
al from the Institute of Radio Electronics of the USSR
Academy of Sciences (USSR AS), as well as Georgian
physicists Givi Khutsishvili, Levan Buishvili, Mikhail
Zviadadze et al.

The influence of both the above-cited and subse-
quent articles of Boris Provotorov on the development of
theoretical and experimental work in the field of mag-
netic resonance in the 1960s and 1970s was very impor-
tant and their significance has survived to this day. In
2001, the All-Moscow Seminar “Problems of Magnetic
Resonance” under the direction of V.A. Atsarkin devot-
ed his 158th meeting to the fortieth anniversary of Pro-
votorov’s first works (see the publication of the abridged
transcript of the seminar [NMR, EPR and theory of
condensed systems of magnetic dipoles. I. 2004]). Boris
during the execution of his pioneer works was a young
employee of the theoretical group headed by A.S. Kom-
paneets at the Institute of Chemical Physics of the USSR
AS. Boris did not hide the fact that he was significantly
influenced by the work of Alfred Redfield (USA) devot-
ed to the saturation of magnetic resonance [Redfield.
I11.1955].

In continuation and development of the successes of
French physicists, Provotorov’s ideas were picked up and
developed by Maurice Goldman and Anatole Abragham
with Michel Borghini. Already before 1964, Abragam
and Borghini published the results of the implementa-
tion of the Provotorov’s idea on existence of the elec-
tron spin-spin (SS) reservoirs and the implementation
of a new DNP mechanism. In Atsarkin’s article [Atsar-
kin. 1978] the results of the application of Provotorov’s
theory included in the actually review work of Abragam
and Borghini [Abragam and Borghini. I1.1964] are for-
mulated as one of the options for thermal mixing (com-
pare the Fig.1): Under conditions of microwave pumping
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Figure 1. Diagram of the mechanism of induced thermal mixing
according to Abragam - Borghini [([Atsarkin. I1.1978]). See text for
explanation.

Population

at frequency Q = w5+ A, which saturates the ESR line
with a small offset A , from the resonance, the values of
Bsz and Pgs become quite different. Whereas the Zeeman
subsystem is heated (g, decreases but remains positive),
the inverse temperature |Bgs| value increases dramati-
cally, reflecting strong change in the mean energy of the
secular dipole-dipole interactions. The strong cooling of
the SS reservoir is represented in Fig. 1 by a steep Boltz-
mann distribution of populations inside the SS band.

In the frames of the quasi-equilibrium model, this
phenomenon is explained by the transfer of the energy
|nAplehAp to (at A ,> 0) or from (at A , < 0) the SS res-
ervoir at every act of quantum absorption. In the for-
mer case, particularly, the upper levels of the SS band
are overpopulated and Pgs is negative, see Fig. 1. Here is
a diagram of the induced thermal mixing mechanism.
Horizontal bars reflect populations of corresponding
energy levels in the electronic (left) and nuclear (right)
systems. The arrows show transitions induced by the
microwave pumping (black) and electron-nuclear dipo-
lar interactions (light) .

We add, using the valuable remark of the head of
the 2001 seminar V.A. Atsarkin (see [NMR, EPR and
theory of condensed systems of magnetic dipoles. 2004]),
that the French physicists a year before the appearance
of the work [Provotorov. 111.1961] seemed to have antici-
pated Provotorov’s ideas about two energy reservoirs
in the spin system. Atsarkin said: “Their experiment
[Goldman and Landesman. II1.1961] was carried out
in such a way that in a weak field saturates the quad-
rupole resonance of chlorine isotopes (in paradichlo-
robenzene), thereby shifting the dipole temperature in
the common dipole reservoir of chlorine and protons.
Then the field was introduced adiabatically, and a sig-
nal of protons was enhanced (a kind of DNP). Goldman
writes [Goldman.1.1996] - he carried out the experiment
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— writes that when they got this result, they still doubted
how all this could be explained, but there was L. Solo-
mon, who explained this phenomenon to them in the
mentioned way. I would not want a dispute about priori-
ties to arise here, because in fact, I must honestly admit
that Abragam dealt with spin temperature much earlier
than all of us put together. And, of course, people absent
here at the seminar, French physicist, they have the same
memories. Therefore, when discussing priorities, one
must understand all this. Of course, Abragam’s labora-
tory at Saclay was the research engine of the spin tem-
perature, and they thought a lot on this issue there”.

French physicists evidently again proved to be at
the forefront in mastering new approaches to the theory
and method of DNP. But their Soviet colleagues in this
time did not fall behind them significantly. The idea of
Kozhushner and Provotorov about the direct contact
of an SS reservoir with a nuclear Zeeman (IZ) reser-
voir was formulated in 1964 at a conference on mag-
netic resonance in a solid, held in Krasnoyarsk. The
publication [Kozhushner and Provotorov.III1.1967] was,
however, delayed due to purely technical reasons, but
its result was already known and even actually experi-
mentally confirmed in the works of Rodak, Atsarkin,
Mefeod, Morshnev, Ryabushkin ( see also [Kozhushner.
I11.1969]). Intensive research towards the approval of the
two-reservoir theory of spin temperatures including the
study of systems with number of lines in ESR spectrum
[Atsarkin et al. II1.1967] was initiated by Maya Rodak at
the Institute of Radio Electronics of the USSR Academy
of Sciences (USSR AS).

Let us to say a few words about the exceptional role
of Maya Rodak in the development of Provotorov’s theo-
ry. Magnetic resonance data make it possible to measure
not only the Zeeman temperature, but also the spin-spin
temperature, as was shown in the series of Provotorov’s
works. The integral intensity of the spectral line of mag-
netic resonance absorption serves as a measure of the
Zeeman spin temperature (this is well known), and the
shape of the contour of the magnetic resonance absorp-
tion line makes it possible to establish the spin-spin tem-
perature (this fact in itself and the algorithm for such
determination were the subject of works by Provotorov
and his followers). But Rodak first developed a detailed
theory of the experimentally observable and well-
expressed effect (induced radiation in a part of ESR line)
under saturation conditions in 1964 [Rodak. II1.1964].
At the same year Provotorov and his disciple Mortko
Kozhushner put forward the idea of thermal mixing of
electron spin-spin and nuclear Zeeman systems. Due to
this mixing, the inverse temperature of the nuclear Zee-
man reservoir will tend to the inverse temperature of

the electron dipole-dipole reservoir (dynamic cooling).
Maya Isaakovna recalled in 2001 at the seminar “Prob-
lems of magnetic resonance” two conferences Colloque
AMPERE in Ljubljana - 1966 and Colloque AMPERE in
Grenoble — 1968, where she was a “scientific tourist™

“I brought to Ljubljana a small calculation from a
series of physical consequences of Provotorov’s theory.
Here I should note that when Boris Nikitovich and I
met at the beginning of 1963, I brought him a calcula-
tion just for cross-relaxation. It was simply striking that
cross-relaxation draws energy from the dipole-dipole
spin-spin reservoir. And in parallel with this, at satura-
tion on the wing of the line, the same spin-spin reser-
voir is also touched, its temperature changes. These two
processes can be somehow related and by changing the
detuning and saturation on the wing, you can prob-
ably influence cross-relaxation. I was very happy when
he accepted my calculation well. And then he imme-
diately recommended my work at Soviet JETP, and we
established good relations. But by 1966, even in the fall
of 1966, when the Colloque AMPERE was in Ljubljana,
we did not have an experiment. And all these four years,
quite a lot of effects were predicted, which, from the
point of view of the experiment, seemed not at all easy.
Like Provotorov, I was confronted with mistrust all the
time ... For this reason, this trip to Ljubljana was very
important for me, because I saw a completely differ-
ent attitude of our foreign colleagues there. So, even on
the eve of the congress, in the evening at such a cocktail
party, where all the participants got to know each other,
J. Jeener came up to me. He was a professor at the Uni-
versity of Brussels, a serious theorist of the Prigozhin
school and at the same time a skillful experimenter ...
So he came up, said that he was interested in Provo-
torov’s theory, read my articles, requested me to send
them. It was Jeener who responded to Provotorov’s very
first publications with a large article entitled “Thermo-
dynamics of spin systems in solids”, which appeared in
Phys. Rev. in 1964 [Jeener et al. III. 1964.], and he sent
it to Provotorov as a preprint back in 1963, this proves
his benevolence. In this article, he not only brilliantly
outlined the physical foundations of Provotorov’s theory
from a general standpoint, but also presented the data of
his experiments. These experiments were on harmonic
cross-relaxation of nuclear spins in lithium fluorine
(lithium fluoride) and it turned out, contrary to old ide-
as, that the tendency of cross-relaxation is by no means
the establishment of a single temperature. The tempera-
tures turned out to be different, and the more volatile
spin-spin temperature changed most sharply.

After my report on the “Theory of Magnetic Reso-
nance” section [Rodak. I11.1967], Redfield approached
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me. I was told that his classic work 1955 was his grad-
uate thesis. And by the time of our meeting he was
already an internationally recognized scientist. As you
know, in this classic work of his, he described magnet-
ic resonance in a solid at strong saturation. Provotorov
does not require saturation at all; he has a different cri-
terion: the smallness of the alternating field in compari-
son with the local one. And Redfield, therefore, rightly,
back in 1963, noted that Provotorov - these are literally
his (Redfield’s) words - “..filled the gap that existed
in the theory of magnetic resonance in solids — threw
a bridge across the gap.” As far as I remember, in his
famous book Abragam even writes directly that for H,
for a variable field much smaller than the local one H,,,
the question remains, so the theory is by no means com-
plete.

Abragam actually opened the congress. He made
the first plenary lecture on the dynamic polarization
of nuclei [Abragam. III. 1967], by the way, he did it in
French, apparently in opposition to the Americans. Half
of the audience did not understand him. Our entire del-
egation got to know him while walking around Ljublja-
na, it was facilitated by the fact that he knows Russian
perfectly. Afterwards, we talked more than once, and
at the end I dared to complete the task that Boris Niki-
tovich gave me, he was very angry with Abragam, and I
decided to reconcile them. And so I just asked him why
he had not responded in any way to the first work that
Boris had given him in the fall of 1961 in the form of
typescript. Abragam, as was typical for him, said that
he did not understand anything. And then he noticed
that he also did not understand and appreciate the clas-
sic work of Redfield at first. I would also like to remind
you that there were several physicists who by this time,
although they were not represented at AMPERE, worked
in the same direction as Provotorov. They did con-
duct experiments, among them Goldburg, work in 1962
[Goldburg. I11.1962]. All of them referred to Provotorov
... Franz and Slichter - later works of 1966 [Franz and
Slichter. III. 1966] and, of course, Goldman, who in 1964
in the French Journal de physique [Goldman. I11.1964]
introduced the term “Provotorov theory”, and later used
it many times.

So, by 1966, our foreign colleagues recognized Pro-
votorov’s theory and were very interested in it, at a time
when, as we know, and as it was said at our seminar,
many of our Russian colleagues had a lot of objections
against Provotorov’s theory, up to 1966».

In 1968 Maya Isaakovna had already brought to the
AMPERE meeting the results of the experimental work
she initiated. Rodak herself and their co-authors and
colleague confirmed the effects expected from the results
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Fig. 2. Enhancement of polarization of ?’Al (, here Ej,open circles)
and degree of DDR cooling f¢/B; (here /8, solid curve) as a func-
tion of the detuning A, between the two ESR lines involved in the
cross-relaxation (one of them is saturated by the high-frequency
field) [Atsarkin et al; ITT 1969].]. A1,0; crystal with 0.03% of Cr?*,
T°=1.9 °K, B,=0.33 TL

of Provotorov. Among the results reported in Grenoble
were data on an explicit connection between electronic
cross-relaxation (and hence the temperature of the spin-
spin reservoir) and the dependence of the nuclear polari-
zation enhancement on the frequency of microwave irra-
diation of a ruby sample, which has two well-resolved
lines in the EPR spectrum at frequencies close to 10
GHz. For these data see works [Atsarkin et al. 111.1967;
Atsarkin et al. I11.1968] (see Fig. 2)

A group of Dutch physicists began the DNP research
[Swanenburg et al.1967]. Similar and very interest-
ing results on induced thermal mixing of nuclear Zee-
man reservoir with dipole electron-electron reservoir in
DNP were obtained at 1968 and later. The future classic
of DNP W.T. Wenckebach joined to this group and took
part in verification of direct DC mechanism [Wenck-
ebach et al.II1.1968, Wenckebach et al.II1.1969] too. They
studied the so-called Tutton salts ZnK,(SO,),. 6H,O
with an admixture of paramagnetic copper-II ions,
where the ESR spectra have a hyperfine structure due to
the scalar interaction of electron spins with nuclei of iso-
topes ¢*6°Cu. These studies were continued successfully
([Hoogstraate et al. II1.1973; Wenckebach et al. ITI. 1974]
etc). An interesting result was obtained by comparing
the DNP pattern in such samples at 14 K and 1.5 K. This
experiment was also described in the review [Atsarkin.
I1.1978] (see Fig.3 from review). To some extent, the
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c A\/\i/\l/\l_

- -2 0 20 W0 85, MHz

Fig. 3. Enhancement of polarization of protons n (here Est) in a
crystal of ZnCs,(SO,), - 6H,0 with 0.5% of Cu®* as a function of
the detuning A, of the high-frequency field relative to the center of
gravity of the ESR spectrum (B, =0.3 Tl) [Wenckebach et al. 1974]:
(a) T*= 1.5 °K, (b) =14 °K, (c) ESR spectrum of the Cu**ion.

averaging of the obtained polarization over all possible
dipole cross-relaxation effects as the electron spin-lattice
relaxation time increases with decreasing absolute tem-
perature, which is obvious from the figure, reminds of a
similar effect in irradiated polyethylenes. Such an aver-
aging (and there merge of maxima) leads to an effect
that we call “spreading of the DNP maxima” [Kessenikh.
et al. II1.1964] and, of course, to a sharp decrease in the
polarization enhancement.

3. SOME RESULTS OF EARLIER PERIOD AND
FURTHER DEVELOPMENT OF DNP RESEARCH

3.1. Results of the first three decades of research on the
effects of DNP. Leadership of French physicists and contri-
bution of Soviet researchers

The first period of DNP research, in our opinion,
ends by the early 1980s, but it makes no sense to indi-
cate a more precise date than, say, the date of publica-
tion of a fundamental review [Atsarkin. II. 1978], and
then a monograph [Atsarkin. I11.1980], that, unfortu-
nately was not translated into English. The 1970s, and
early 1980s were also marked in the history of the DNP
by the editions of more famous monographs [Gold-
man. 11.1970] and [Abragam & Goldman. I1.1982]. In

the Soviet Union, by the 1960s and early 1970s, there
was a fairly significant cohort of researchers of DNP
and other phenomena studied in the spin temperature
approximation. The works of the scientific schools in
field of magnetic resonance in the Institute of Radio
Engineering and Electronics, the Institute of Chemi-
cal Physics and the Institute of Physics of the Georgian
Academy of Sciences made a significant contribution
to the development of ideas about DNP and are wide
known. The important results of applications of the
DNP method to the study of nuclear reactions were
obtained at the Joint Institute for Nuclear Research in
Dubna. Research on DNP in the late 1960s-1970s and
up to the mid-1980s continued to be most success-
ful in France. The Saklay Nuclear Research Center has
become a real Mecca for DNP specialists. As a remark-
able example of the unification of scientific forces
from different European countries under the auspices
of the Saclay Center, we cite a link to the work of the
ever-memorable for Czechoslovakia 1968 with the co-
authorship of the Soviet specialist V.I. Lushchikov and
Czech Odehnal on the DNP of protons in lanthanum-
magnesium nitrate with a paramagnetic impurity of
dysprosium ions [Odehnal, Loutchikov and Ezratty.
I11.1968]. In the late 1960s and early 1970s, unique
research led by Abragam and Goldman (partially with
the participation of the Dutch physicist Wenckebach).
These researches led to the achievement of almost
100% polarization of fluorine nuclei in a single crystal
of lithium fluoride, which made it possible to observe
phase transitions of the spin system of nuclei into mag-
netically ordered states - nuclear ferromagnetism and
nuclear antiferromagnetism [Chapellier. Goldman.
Chau. Abragam. III. 1969; Jacquinot, Wenckebach,
Chapellier, Goldman, Abragam. III. 1974] etc.

Japanese an American physicist Akira Masaike
recalls at 2014 the role of Abragam’s disciple Michel
Borghini in the development of DNP methods for high
energy physics [Masaike. 1.2016]: «High energy spin
physics began in early 1960s. It was pointed out that
studying the spin dependent forces is one of the most
important issues for particle physics. Therefore, it became
an urgent need to measure the spin parameters of parti-
cle reactions. In order to realize such an experiment, it
was indispensable to polarize the target protons...

The success of the dynamic polarization was amaz-
ing-event for high energy physicists, since it promised a
new field of particle physics. At the International Con-
ference on Polarized Targets held at Saclay in 1966, the
known Australian physicist R. H. Dalitz pointed out that
the polarized target may lead to especially illuminating
information on three major areas in particle physics:
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(i) High energy scattering where Regge-pole exchange
is dominant.

(i) Tests of time-reversal invariance for electromagnetic
processes.

(iii) Hadron spectroscopy. Many resonant states had
been observed for mesonic and baryonic states. In
the attempt to classify and understand these had-
ronic states, the first need is for the determination of
the spin and the parity for each state.

The first experiment with the polarized target was
performed to measure the correlation parameter C,, for
p-p scattering at 20MeV by Abragam, Borghini, Catillon
P., Coustham J., Roubeau P. and Thirion J. at Saclay in
1962 [A. Abragam et al. III. 1962]. The experiment was
done with a polarized beam on polarized protons in
LMN. The first pion-proton scattering experiment was
performed at Berkeley (Bevatron) by Chamberlain, Jef-
fries, Schutz, Shapiro, and van Rossum in 1963 [Cham-
berlain O. et al. III. 1963.] In this experiment it was
necessary to measure both angles of pion and proton
in order to check the coplanarity, since the background
from complex nuclei were enormous. Neutron trans-
mitted through polarized protons are polarized, since
neutrons with spin anti-parallel to the proton spin are
scattered away. L. Shapiro at Dubna proposed to make
a polarized slow neutron beam using an LMN filter in
1966.1 Ishimoto et al. made a polarized neutron beam
using an ethylene glycol filter at KEK in 1976 [Deregel
et al. IV.1980.]. The method was used for parity viola-
tion experiments with polarized neutrons of 0.02 1 eV at
Dubna [Dragichesku et al. 111.1964], KEK and Los Ala-
mos in 1980s».

3.2. Renaissance of methods of dynamic polarization at the
turn of the millennium

Research on dynamic polarization continued
throughout the 1980s and 1990s in the UK, USA, Swit-
zerland, Japan, and elsewhere. However, in the USSR
in the mid-1980s, these studies receded into the back-
ground, at the Lebedev Institute and in one of its heirs,
the Institute of General Physics of the USSR AS, such
studies were no longer resumed, at the Joint Institute for
Nuclear Research they dropped to a minimum, at oth-
er Institutes they were occasional character. Due to the
difficulties in the development of instrumental meth-
ods and the limited possibilities for the further growth
of human and financial resources for fundamental
research, these works began to gradually curtail.

Meanwhile, in the West, another revolution in
experimental technology was taking place. Although
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gyrotron generators of millimeter and submillimeter
electromagnetic waves appeared in the USSR, they were
widely developed and applied only in Western Europe
and in the USA. At the same time, a tendency arose to
apply jointly the methods of DNP and sample rotation
at a magic angle (MAS) to study a solid. The capability
of getting higher induction of magnetic fields contin-
ued to grow steadily thanks to the application of super-
conducting solenoids available for the experiment (see
the first DNP research with use of girotron microwave
generator of terahertz frequencies in laboratory of Rob-
ert Griffin [Becerra et al. IV. 1993]), and the search for
new solutions in preparing a sample with a paramag-
netic impurity and in setting up the experiment did not
stop. Methods for obtaining ultra-low temperatures (for
example, using a solution of helium-3 in helium-4) were
also improved. The last possibilities were also available
in the USSR (in Dubna and Kazan, for example), but
the fact is that in Europe and the USA all the numerous
new achievements of experimental technology could be
used jointly, while in Soviet laboratories they remained
available separately. Therefore, at the next stage, scien-
tists from Russia and Georgia could no longer be at the
forefront of DNP, and they could only recall their past
achievements in studying the problems of spin tempera-
tures and DNP [NMR, EPR and theory of condensed
systems of magnetic dipoles. I. 2004]. Along with the
growth of experimental possibilities, the DNP method
has a powerful and solvent consumer - high-resolution
NMR of rare isotopes of organogenic elements carbon
and nitrogen, in the first place, as well as of course NMR
of protons and phosphorus-31 nuclei in biochemically
important substations. Specialists in NMR of complex
organic compounds were already backed by their cus-
tomers — chemical enterprises, pharmaceutical compa-
nies and medical institutions.

In particular, the idea arose to use the instantane-
ous melting of a sample with enhanced in 10* and more
times polarization nuclei using a laser and transfer the
sample to a high-resolution NMR spectrometer (“disso-
lution DNP” [Ardenkjaer-Larsen et al. IV.2003]), Then,
after the operations of multidimensional NMR spectra
recording, which were usual by the 2000s, it was neces-
sary to return the sample to the installation to obtain
DNP and repeat this field cycling or “shuttle” procedure
a sufficient number of times to accumulate signals with a
good signal-to-noise ratio.

Finally, at the beginning of the new century, the
research team of the Francis Bitter Magnetic Laborato-
ry (FBML) at the Massachusetts Institute of Technology
(USA) grew stronger. Since 1992 Robert Griffin has been
the head of this laboratory. In 2004, an article [Hu, Grif-
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fin et al. IV. 2004] appeared in which the problem of the
influence on the DNP mechanisms of the inhomogeneity
of the distribution of paramagnetic centers was solved
in the simplest and demonstrable way. The authors were
the first to use TEMPO-type biradicals as a paramag-
netic impurity to excite DNP. Since then, the arsenal of
DNP mechanisms has firmly included the pairwise para-
magnetic impurities — biradicals and, accordingly, the
mechanism of electron-nuclear cross-relaxation (ENCR),
briefly called the cross-effect (CE).

4.CONCLUSION

In conclusion, let us recall the main findings from
Atsarkin’s fundamental review concerning the general
state of DNP research in the late 1970s and early 1980s
(see also monograph [Atsarkin. I1.1980] and, of course,
the well-known monograph [Abragam and Goldman. II.
1982]).

1) The spin-spin reservoir model (Provotorov’s
two-reservoir model) was confirmed. Experiments on
dynamic nuclear polarization played an important role
in this.

2) A high and in some experiments almost one hun-
dred percent nuclear polarization was obtained, which
made it possible to study the dependence on the spins of
particles of scattering by protons and deuterons of polar-
ized beams of protons, neutrons and hadrons.

3) Extremely high nuclear polarization made it pos-
sible to observe magnetically ordered states of nuclear
spins (nuclear ferromagnetism and antiferromagnetism).

We also point out that in early years only in the
review and monograph by Atsarkin a special type of
DNP mechanism - electron-nuclear cross-relaxation
(ENCR) cross-effect (CE) - was discussed. Studies of
this mechanism were not completed by that time. In the
works of that time, the effects of the spatial inhomog-
enity of the distribution of paramagnetic centers in the
specimen were neglected. Hence, it was unclear what the
possible reason for the predominance of this mechanism
was. Also, in those years, and perhaps even later, the
effect of a bottleneck in DNP, caused by long spin-lattice
ESR relaxation times at low temperatures, was not stud-
ied in detail.
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NOTES

1. Some authors believe that in this case there is no
actual thermal mixing. However, we will adhere to
the concept of V. Atsarkin set out in the text, accord-
ing to which this is a variant of induced thermal
mixing.

2. The transcription of the Russian surname “Lush-
chikov” (“Loutchikov”) causes difficulties (see link
below).

3. Japan: KEK-Ko: enerugi: kasokuki kenkyu.kiko:
“High Energy Accelerator Research Organization”
KEK exists from 1950.
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APPENDIX I GALLERY OF PORTRAITS.
SOME LEADING RESEARCHES WHICH STUDIED THE PHENOMENA CONNECTED WITH SPIN TEMPERATURE
AND DYNAMIC NUCLEAR POLARIZATION
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From left to right: Alfred Overhauser (USA, 1925-2011); Charles Slichter (USA, 1929-2019); Carson Jeffries (USA, 1922-1995); Jean Jeener
(Belgium, 1933-2016).

From left to right: Anatole Abragam (France, 1914-2011); Maurice Goldman (France, 1933); Michel Borghini (France, 1934-2012); Vadim
Atsarkin (USSR (Russia). 1936); W.T. Wenckebach (Netherland, USA, 1943)

From left to right: Boris Provotorov (USSR (Russia). 1931-2001); Maya Rodak (USSR (Russia.). 1923-2015); Mortko Kozhushner (USSR
(Russia). 1937-2020); Givi Khutsishvili (USSR (Georgia). 1921-1969); Levan Buishvili (USSR (Georgia). 1933-1996).
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