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Chapter 16
EPR Measurement of the Spatial
Distribution of Radiation Damage

Michael K. Bowman, Alexander G. Maryasov and Yuri D. Tsvetkov

Abstract EPR methods to determine the nanometer-scale distribution of radiation
damage products in solids are reviewed. The emphasis is on pulsed EPR methods
that measure weak dipolar interactions between radiation-induced paramagnetic
centers. The dipolar interactions provide a convenient ruler for distance measure-
ment that is well-matched to the sizes of spurs and tracks created by photons and
particles. The properties of dipolar interactions between paramagnetic centers are
discussed with their effect on various EPR measurements. Electron spin echo mea-
surements have determined the pair correlation function between geminate products
produced by UV photolysis. Measurements on tracks of ionizing particles show that
the paramagnetic centers resulting from the initial holes and electrons have quite
different spatial distributions resulting from their different mobilities. Newer meth-
ods of EPR dipolar spectroscopy, particularly DEER, have considerable promise
for obtaining detailed profiles of the structure of damage distributions in irradiated
solids. The radius of the damage region and the number or density of paramagnetic
centers created in it can be determined. Both quantities depend on LET of the radia-
tion and can help characterize radiation for dosimetric applications and can aid in
understanding the differential effects of irradiation from different sources.

16.1 Introduction

One distinctive characteristic of ionizing radiation in the condensed phase is the in-
homogeneous production of initial damage products in pairs as geminate ions such
as an electron and a hole. Those ions may produce additional ions as they become
thermalized; the ions may recombine with their geminate partners or other radiation
damage products; or they may separate and react with other molecules to form more
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stable products trapped in the matrix. Generally, each geminate ion is paramagnetic,
having an unpaired electron spin, and unless it reacts with another paramagnetic
center (PC) such as a free radical, its trapped product will also be a PC. Because the
PCs are usually produced in pairs and destroyed in pairs, the spatial distribution of
surviving PCs contains some information about the distribution of initial damage
products as modified by transport and further reactions.

The spatial distribution of radiation-induced damage is a major factor in de-
termining the consequences of irradiation in a number of situations: such as, mu-
tagenesis and carcinogenesis from background radiation; radiation sterilization of
pharmaceuticals and medical supplies; food irradiation; cancer radiation therapy;
and even radiation dosimetry. In fact, the spatial distribution of damage is a major
reason that many different types of radiation (photons, electron beams, ion beams,
etc.) and energies are used for irradiation. The different initial distributions of dam-
age products result in different biological, chemical and physical effects. The depo-
sition of energy in condensed phases is well-characterized and can be calculated in
detail. However, the transport and fate of the resulting excited states, ions and other
damage products depend critically on the chemical, physical and structural proper-
ties of the material and is not readily calculable.

Electron Paramagnetic Resonance (EPR) spectroscopy has been used to study
radiation-induced products with lifetimes ranging from fractions of a second to
many years. EPR has most often been used in radiation chemistry to identify PC
products, determine the amount of products and to measure kinetics. Yet PCs in ir-
radiated solids have been noted as having noticeable broadening and shortened spin
relaxation times attributed to dipolar interactions with the unpaired electron spins
of nearby PCs. These dipolar interactions are pair-wise interactions that depend on
the distance between the two interacting PCs as 1/r and are largely independent of
the matter separating them. EPR methods have long been used to investigate dipolar
interactions between PCs in irradiated solids and yield information ranging from
‘average’ dipolar field from all PCs in the sample, to dipolar spectra showing the
entire range of dipolar interactions and the intensity for each. Dipolar EPR data has
been interpreted in terms of average distance to the closest PC; local concentration
of PCs; size and shape of spurs or tracks; and even pair distribution functions.

This chapter focuses on the measurement and characterization of dipolar inter-
actions by EPR methods in the context of irradiated materials. We mention recent
advances in pulsed dipolar spectroscopy (PDS) from the field of structural biology;
techniques known variously as double electron-electron resonance (DEER), pulsed
electron double resonance (PELDOR), or double quantum coherence (DQC) spec-
troscopies where pairs of spin labels are introduced into biomacromolecules syn-
thetically or using site-directed spin labeling. We consider the nature and limitations
of the information obtained from the various EPR methods for investigating dipolar
interactions. Irradiation can produce PCs in very unusual oxidation and spin states
having large anisotropy of the magnetogyric ratio (g-factor). We consider how a
large g-factor anisotropy affects dipolar interactions and their measurement by EPR.

The use of EPR methods to investigate the spatial distribution of PCs in irradi-
ated materials has a long history dating from the 1960—-1970s and is well reviewed
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in a number of publications [1-3]. However, experimental EPR capabilities have
expanded and new approaches to the spatial distribution of radiation damage prod-
ucts are feasible. This chapter therefore emphasizes experimental EPR methods that
appear to hold additional capabilities, tempered by consideration of possible limita-
tions and pitfalls. We hope this prospective focus attracts researchers to ask new
questions about spatial distributions and to implement and perfect the approaches
outlined here.

We consider in Sect. 16.2 the dipolar interaction between PCs and how it is
manifested in EPR spectra and relaxation properties, both for isotropic spins and
for PCs with very anisotropic g-factors. That section may be skipped on first read-
ing and can be supplemented by standard EPR texts. Where possible, assumptions
appropriate for irradiated materials will be made. We then consider continuous-
wave (CW) EPR methods for measuring dipolar interactions in Sect. 16.3; electron
spin echo (ESE) based methods in Sect. 16.4; and finally recent PDS methods in
Sect. 16.5. There are a number of recent sources for more information on EPR
spectroscopy [4-7].

16.2 Background

The dipolar interaction is a through-space coupling between the magnetic dipoles
of two PCs that is largely unaffected by the material between the PCs. The coupling
perturbs the electron spin states of each PC resulting in broadening of the EPR spec-
trum and increased spin relaxation.

16.2.1 The Dipolar Interaction

We consider the general case of a pair of PCs with anisotropic g-tensors follow-
ing Bedilo and Maryasov [8]. The spin Hamiltonian for PC, and PC, coupled by a
dipole-dipole interaction is

H=H,+H, +H (16.1)

H,,, describes the Zeeman interaction of PC;’s magnetic moment with the external
magnetic field B, directed along the laboratory Z axis [9].

H,=pBg, (162)

Lan

The Bohr magneton is B, taken to be positive; g; is the g-tensor of PC;; and S, is its
vector spin operator. The cross superscript denotes the Hermitian conjugate (in this
case, it reduces to transposition). Single-headed arrows indicate vectors, taken to
be columns, while a double-headed arrow indicates a tensor and ‘*’ indicates an
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operator. The properties of the g “tensor” are considered in detail by Abragam and
Bleaney [9]. Equation (16.2) can readily be rewritten as

I:IZ;' :ﬁBOgieffS\viz' (16.3)

where g

, ff.is the effective value of the g-tensor of the PC,

iy = b* 'Zi '§i+‘ b (164)
The unit vector along the Z axis is b and the z’ axis is the direction of spin quantiza-
tion by the Zeeman interaction and is parallel to

2'b (16.5)

The Zeeman Hamiltonian, Eq. (16.2), is ‘solved’ (diagonalized) along the quantiza-
tion axis for the PC in Eq. (16.5). Using that quantization axis, the eigenvalues ¢, ,
of the Zeeman Hamiltonian are

81‘,»1 = giej’/ﬁBOm (166)

where m is the projection of the PC spin onto its quantization axis, with m==+" for
a PC with S=". The Zeeman frequency of the PC is

0, =g ;BB [h (16.7)

In general, the dipole-dipole interaction is between magnetic moments of two PCs
with a spin Hamiltonian (see, e.g. [9])

= () (5o7) (70 69

i

where 7 is the unit vector in the direction connecting the interacting PCs; Ty is the
intra-pair distance; and the magnetic moment operator is

4, =-BES, (16.9)

The negative charge of electron is accounted explicitly in the above relation.

The spin Hamiltonian parameters of the coupled PCs may differ and the princi-
pal axes of the g-tensors need not coincide. In this chapter, we consider the most
common case in EPR when both PCs have S='%. Dipole coupling of high-spin PCs
having significant zero-field splitting was considered in [10].

The standard approach for a weak dipole-dipole interaction [9] is to use first-
order perturbation theory with a zero-order Hamiltonian consisting of the Zeeman
interactions. When the two PCs have quite different EPR frequencies such cor-
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rections are simple. Differences in EPR resonance frequencies may be caused by
different values of 8> OT by a local field from interactions with surrounding nuclei.
Such local fields may be treated as a distribution of B, values or by a redefinition of
g The dipolar interaction is small if

88 P
B,|g, o " 8| T r—3 (16.10)
12

When this inequality is fulfilled, the eigenfunctions of the zero-order Hamiltonian
may be written as products of the eigenfunctions of the individual PCs. To calculate
the first-order correction to energy levels it is possible to replace vector spin opera-
tors in Eq. (16.9) by projections onto their quantization axes,

gbg (16.11)

iz

S =

i

and then substitute that result into Eq. (16.8) to obtain the dipolar interaction D,

(16.12)

s aaeasfear)

3
Vi 8182 e

with the symmetric tensor G introduced by Abragam and Bleaney [9],
Gi=gg" (16.14)

The eigenvalues of the spin Hamiltonian for the pair Eq. (16.1) to first-order are
functions of projections of the PC electron spins on their quantization axes,

e(m,,m,) = pB,g, o+ BBg, ymy + Dymym, (16.15)

The dipolar interaction produces a shift in each energy level proportional to D,, and
splits each line in the EPR spectrum. Equation (16.15) is the basis for analysis of
spectral changes produced in EPR spectra by weak dipolar couplings. The spectral
changes appear somewhat differently in CW and pulsed EPR measurements.
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16.2.2 Dipolar Features in CW EPR

The selection rules for EPR transitions caused by a weak, oscillating, CW microwave
field B, along the laboratory X axis (perpendicular to B, and Z) are Am ,+Am,=+1
for S=Y% PCs. This means that the spectrum of two coupled PCs consists of the sum
of their individual spectra, each of which is split into a doublet with a splitting of
D,,. A ‘weak’ mw field is weaker than D, , and is unable to affect both components
of either doublet simultaneously. Positions of the spectral lines of the PC. depend
on the spin state of PC, and are

wiZ(mi):w
()= "0

BE.s (16.16)

for frequency-domain and for magnetic-field-domain spectra, respectively. B, is the
resonant magnetic field of PC,, o, is EPR spectrometer frequency.

If the relation in Eq. (16.10) is not fulfilled, then we have the case of ‘like’ spins
with two energy levels that are nearly degenerate and may be coupled by additional
pseudosecular terms of the dipole-dipole Hamiltonian containing the spin flip-flop
terms, S,.§, and S,_S,.. This leads to larger splitting of EPR lines; in the limit
ofg, ., =82 of the splitting is a factor of 3/2 larger when the g-tensor anisotropy is
relatively small [11] and is discussed further in Sect. 16.2.3. The behavior of ‘like’
spins is a bit more complex when g-tensor anisotropy is great (dg~g), but ‘like’
spins are important only in single crystals for PCs having the same orientation. In
orientationally disordered systems with reasonable separations typical of irradiated
materials, anisotropic PCs are always ‘unlike’.

In the high-temperature limit, when

M< <1 (16.17)
2k,T

the doublet of dipole-split components of PC, have equal intensities. The high-tem-

perature limit is valid above 4 K for nearly all EPR measurements at X- or Q-band

(9.5 or 35 GHz, respectively) in irradiated materials.

It is possible to obtain the spectrum of PC, with isotropic g,-tensor split by a
dipole-dipole interaction with an anisotropic PC,. Consider a pair with a rigid struc-
ture. The vector 7, connecting the two PCs has a fixed orientation and length in the
principal axes of the g,-tensor. The transition probability of PC, does not depend on
the pair’s orientation in the laboratory frame, so that over the narrow spectrum of
PC, in the high-temperature limit is

f(B)=ZH5(B—Bm+"Z]g)”)d(cose)d¢ (16.18)

ny
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The sum consists of just two terms corresponding to the doublet components. Here
g, is the g-factor of the isotropic PC,, the angles & and ¢ define the orientation of
B, in the molecular frame of the anisotropic PC,, integration is performed over a
hemisphere of possible orientations with ¢ the Dirac delta function, and B, is the
PC, line position in the absence of dipole coupling,

B, =hw,/Bg, (16.19)
The dipolar splitting D, , in Eq. (16.13) simplifies in this case where g, is isotropic,
to
ﬁ2 _ (ﬁ . G2 l;)
Dy, =88, | 1-3(ii - b)~——2 (16.20)
T oo

The Dirac delta function in Eq. (16.18), in principle, allows integration but the re-
sult is too bulky and too complex to be useful. In practice, the requirement that g,
and r, be fixed relative to each other is rarely encountered in irradiated materials.
An even simpler equation for D,, occurs when the PC, is also isotropic with
g-factor of g, that fulfills Eq. (16.10), so that doublets of each PC do not overlap.

Equation (16.20) simplifies to the well-known relation with D,,, the perpendicular
component of the dipolar interaction tensor
- ﬁ_z - 2) = - 2 16.21
Dy =28 (1-3cos©)’) = D, (1-3cos(©)’) (16.21)

;
Omitting the normalization factor, the EPR spectrum, Eq. (16.18), for PC, in a pair
of isotropic PCs has the shape
1
f(8B) e Y [dxd [ AB+m(1-3x")] (16.22)
m

where x=cos(60), and a dimensionless lineshift is introduced,

— r_; (B_B(n)
! Bg,

The integral in Eq. (16.22) may be calculated analytically, giving

AB (16.23)

3 L {1 -12<AB<1
0 otherwise
L {1 1<AB<1/2
0 otherwise (16.24)
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This high-temperature lineshape is known as the Pake, or Pake-like, doublet. The
dipolar interaction D,, is a tensor with three principal values. For two isotropic
PCs, the trace, or sum of the three principal values relative to the unsplit EPR line,
is zero. The components have equal intensities and the average fields of both com-
ponents coincide. When one or both g-tensors are anisotropic, the centers of each
Pake component may differ.

Figure 16.1 shows Pake patterns for several different situations of an anisotropic
PC,. The centers of the Pake doublet components for the isotropic PC, do not coin-
cide due to the anisotropy of the g,-tensor. The structure of each doublet component
may also vary from the standard Pake lineshape with two turning points to a line-
shape with three turning points. However, it is rare to see a resolved dipolar pattern
because a distribution of distances and interactions with multiple PCs will obliterate
the characteristic sharp edges.

16.2.3 Dipolar Features in Pulsed EPR

Observation of Pake patterns via CW EPR are extremely rare because the Pake
pattern is obscured by much larger inhomogeneous broadening. Spin echo mea-
surements, Sect. 16.4, drastically reduce the influence of inhomogeneous broad-
ening so that dipolar couplings can have a clear impact on the signal measured.
When all the EPR transitions of a weakly-coupled pair of isotropic PCs are ex-
cited, the dipolar interaction causes a periodic modulation of the electron spin
echo amplitude

V(1) o< cos(D,,t/h) (16.25)

Here 1 is time interval between the echo-generating pulses, and D,, is the dipolar
coupling given in Egs. (16.13, 16.20 or 16.21). Fourier transformation of such sig-
nal produces the same Pake pattern as would CW EPR.

Analytical equations for the primary echo signal were obtained in [12] for arbi-
trary dipolar coupling of isotropic PCs. The equations for the echo signal are quite
bulky but show that relatively weak inhomogeneous broadening decouples ‘like’
PCs. Figure 16.2 shows the frequency-domain spectrum of the oscillating echo am-
plitude for like PCs having a Gaussian lineshape whose dispersion ¢ is comparable
toD, in Eq. (16.21). D,,, is used as the normalized frequency unit in the figure.
The spectrum looks like a mixture of a standard Pake pattern with edges at D,, and
2D,,, (with frequencies of 1 and 2) and a rather distorted Pake pattern with split-
tings 3/2 larger at 3/2 D,,, and D, Strong coupling should be rarely encountered
in irradiated materials even with rather narrow lines. The broader pattern becomes
more prominent as ¢ decreases.
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-2 -1 0 1 2
a normalized frequency

-2 -1 0 1 2
b normalized frequency

Fig. 16.1 The Pake-like patterns caused by interaction of isotropic PC with a partner having aniso-
tropic axially symmetric g-tensor are shown in integral form. The patterns strongly depend on the
pair geometry. The labels show the angle between the vector » connecting the two PCs and direc-
tion of the unique dipolar axis. a Sparallel— 1.0, gperp=3.0, standard Pake pattern is shown as dashed

line for comparison; b g, =3, 8, =
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Fig. 16.2 The Pake-like
pattern for a dipolar interac-
tion D, comparable to the
difference in frequencies of
the S=% PCs. The spectrum
is symmetric about 0. The
PCs have the same g-factors
and have a Gaussian inho-
mogeneous broadening with
a standard deviation . For
large broadening, the pattern
approaches the lineshape of

Eq. 16.21 p 5 5 ?'_ i

o/D

perp
infinity

16.2.4 The Exchange Interaction

The exchange interaction J between PCs also couples spins in a similar fashion to
the dipole-dipole interaction. When J is small, it can simply be added as an isotropic
constant to D, [13]. Fortunately, J depends very strongly on the distance between
the PCs because it is proportional to the overlap between the wavefunctions con-
taining the unpaired electrons on the two PCs. In molecular solids, J falls typically
by a factor of ten for every 0.1-0.2 nm increase in separation. Beyond 1.5 nm J is
considered to be negligible in comparison to the dipolar interaction [14, 15]. Strong
J completely alters the EPR spectrum and will not be considered because it is un-
explored territory in the measurement of distances between PCs. For isotropic PCs,
the exchange interaction is isotropic and a small J appears as a non-zero trace for the
measured ‘dipolar’ interaction. Yet, the trace can be non-zero for anisotropic PCs
even if J=0 and is not a valid criterion for the presence of exchange.

16.2.5 More than one PC

When there are several PCs interacting with each other in a group, the pairwise di-
polar interactions provide the PC being observed with dipolar splittings that act in-
dependently in magnetically-diluted systems. Independence of the dipolar splittings
means that the spectrum of the observed PC consists of 2N"! lines, when there are N
PCs in the group. This means that instead of a single cos(Dr) in Eq. (16.25) there
will be a product of such cosines for the set of D... The product can be expressed
as a series of sums and differences of the D; orasa convolution of Pake doublets
that quickly loses all distinctive structure. It should be noted that in EPR, broaden-
ing caused by dipole interactions in diluted systems never approaches a Gaussian
lineshape as might be expected. Averaging products of cosine functions from inter-
actions with different PCs will provide with a number of oscillating terms whose
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amplitudes decay as In(t)/t, in some degenerate situations there may be also terms
decaying as 1. These slowly decaying oscillations produce spectra with sharp or
even diverging features that are definitely non-Gaussian.

16.2.6 Spatial Distributions

A number of descriptive terms such as ‘track’, ‘spur’ and ‘blob’ are used to refer
to the inhomogeneous distributions of radiation damage products in solids. These
terms are useful for evoking mental pictures of distributions of radiation damage,
but EPR measurements of dipolar interactions are more readily discussed in terms
of the radial distribution function, fp A7) [3]. This is a second-order, pair-correlation
function of the distances between PCs. In other fields, fp () is known variously
as the pair distribution function or pair correlation function and written as g(r),
g3(r,,) or g¥(r,,r,) which could cause some confusion with the g-factor in EPR.
Thefp (r) is the probability of finding one PC a distance » from another PC and
can be built up by making a histogram of all inter-PC distances in a sample. If we
consider having one PC at the center of a volume ¥V, then the number n(7) of PCs ata
distance 7 is dn(r)= fp (r)rdr. The total number, N, of PCs in the volume ¥ (includ-
ing the one at the center) and their concentration, C, are easily calculated from j; 7).

N=[f, () rdr+1

oo 1+ [ £, () Pdr N (16.26)

'[ rdr 14

For a uniform or random distribution of PCs, fp (r)=C for large r. On the other
hand, a single radiation event, such as a single y-ray or a single ion, can only gen-
erate a finite number of PCs, so ]; . must approach zero for large r. At very high
doses many spatially overlapping events can approach a uniform distribution of
PCs. However, fp . always reaches zero at some small distance 7,. One reason that fp .
must vanish is the finite size of each PC and its excluded volume—two PCs cannot
occupy the same space and one is already at »=0. A more practical reason is that
the dipolar interaction is infinite at »=0 and this singularity needs to be avoided in
many calculations.

Near a PC it is possible to treat dn(r)/dV(r) as the local concentration of PCs,
representative of the typical environment of a PC, e.g., within a spur or track. EPR
properties that depend on dipolar interactions are particularly well-suited for deter-
mining the local concentration because the dipolar interaction falls off very rapidly
with distance, depending primarily on PCs in the immediate vicinity. We can take
the uniform concentration that produces the same average dipolar broadening or
spin relaxation seen in a sample and call it the local concentration [1, 16]. This
definition gives a simple relation between ]; Land C_ .
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Jj fPC ) Dperp (r)Z ridr J‘:O fpc (I”)F76V2dr

loc —

J‘: Dperp (r)2 ridr J-: For2dr
°° f c (r)
=3[ “Ertdr (16.27)

More than 99 % total of the dipolar interaction for a uniform distribution arises from
PCs in a spherical shell between r,, and 5 r, from each PC.

C,,. is a single parameter that depends on the distance to nearby PCs and the
number of nearby PCs, but determines neither quantity without additional knowl-
edge. Yet C, . is a very useful parameter. At low radiation doses, it is dominated
by the characteristics of single, isolated radiation events and reflects the size and
distribution of a spur, track, etc. When damage starts to overlap at high doses, C, .
approaches the average concentration of the sample.

C,,. and other related parameters, such as the second moment of the spectrum or
spin relaxation rate, have long been used to estimate the dimensions of spurs and
tracks in irradiated materials. When C, _ is plotted versus the average concentration
C,..=N/V, C, . is often constant at low C,  but eventually they become equal. The
intersection point between these two regions is taken as the point at which the total
volume of tracks, spurs, etc. equals the sample volume. With some knowledge of
LET or PCs per spur, rough estimates of their dimensions can be made.

The ]; . has enough information to define the dimensions and number of PCs, e.g.,
in a spur or track. But third-order (and higher) correlations functions are needed to
determine the distribution of spur sizes or the mix of spurs and tracks in a sample. It
is not yet clear how to measure these higher-order correlation functions by EPR, so
] /; . needs to be interpreted in the context of a model for the spatial distribution of PCs.

The distribution of PCs within the path of a single particle or photon is not the
only factor producing the f . Most irradiated materials contain multiple paths that
are uncorrelated with each other. As the dose increases, the number of paths and
their overlap increases until the dipolar contribution of PCs within a single ioniza-
tion path is swamped by contributions between PCs in different paths. Yet even
at low radiation doses, one can usually expect penetrating radiation to produce a
background ]; . with a uniform distribution proportional to 72 dr.

16.2.7 Scope of the Chapter

The aim of this chapter is to illustrate EPR methods that can investigate the spa-
tial distribution of radiation-damage products in solids, the various approaches that
have been used and major results that were obtained. It is intended to interest the
reader in the possibilities offered by EPR rather than to be a detailed guide for
making and interpreting EPR measurements. Consequently we focus on typical PC
properties and measurement conditions intended to represent the vast majority of
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cases. This simplifies the discussion by eliminating details restricted to rarely-en-
countered special cases, such as EPR measurements below 1 K.

Unless the contrary is explicitly stated, we tacitly make a number of assump-
tions. The PCs are assumed to have a single unpaired electron with total spin S="
and interact with each other only by the dipolar interaction with J=0. The irradiated
material is assumed to have no diffusion or slow motions during the measurements.
Thefp . is taken as being isotropic and smooth, with no abrupt changes with distance
so that turning points in the dipolar lineshape and characteristic dipolar modulation
are smeared out and unobservable. D,,, is less than the difference in the unsplit
EPR frequencies of the PCs involved.

Any long-range order in the material is assumed not to produce a corresponding
long-range structure in fp .- Higher-order correlations of PCs are taken to be insig-
nificant. In particular, that the orientations of the g-tensors of the PCs are not corre-
lated with each other or with the vector between the PCs, or with the magnetic field
B,. That spin-lattice relaxation is isotropic and flip-flop transitions among the PCs
are negligible. Finally, that the high-temperature limit holds so that thermal energy
kT is much greater than the energy of a microwave photon.

16.3 CW EPR Methods

The dipolar interaction between two PCs affects the CW EPR spectrum in two ways.
The normal Am =41 EPR transitions of each individual PC are additionally split by
the dipolar interaction. The resulting spectrum is generally the convolution of the
EPR spectrum of the isolated PC with a Pake-like pattern provided the orientations
of the PCs are uncorrelated. New EPR absorptions also appear from transitions of
the pair in which both unpaired electrons flip, the Am =2 transitions which occur
at approximately half the usual B, and are often called half-field transitions. The
Am =2 transitions are formally forbidden and their intensity provides an indirect
measure of the dipolar interaction while their spectrum, to first order, is independent
of the dipolar interaction. The intensity of the half-field transitions scales with PC
separation as 7 °, and is generally detected only for 7 in the range of 0.3—1.0 nm.
When there are dipolar interactions with n other PCs, the Am ==1 transitions are a
convolution of splittings from each of the other n PCs, giving n+ 1 (for identical dipo-
lar splittings with the other PCs) up to 2" transitions (for completely different dipolar
splittings), but preserving the total integrated EPR intensity. The half-field transition
intensity scales roughly as the sum of the intensity from each pairwise interaction.

16.3.1 Measurement of the Dipolar Spectrum

Resolved dipolar splittings from radical pairs in irradiated solids were observed by
Kurita [17] and by Gordy and Morehouse [ 18] using radiolysis and by Lebedev [19]
using UV photolysis to generate the pairs. The well-resolved dipolar splittings gave
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separations of 0.3—1.0 nm between PCs. Resolved splittings from radical pairs are
generally observed only under a rather restrictive set of conditions. (1) The solid has
very high local order—single crystal or polycrystalline solids. The PCs are highly
constrained by the structure of the solid to specific locations in the same or adjacent
unit cells. (2) Irradiation and measurement is performed at low temperature, often
below 77 K, to rapidly thermalize the products, and to prevent their recombination
or escape. (3) Products are produced by bond cleavage or atom transfer reactions
(rather than hole or electron transfer) which favor small initial separations but sup-
presses recombination of the thermalized products by back transfer or tunneling.

The dipolar splittings relevant to PC distributions on the multi-nanometer scale
are small, less than 10 MHz and are not resolved in typical CW EPR measurements.
EPR spectra are inhomogeneously broadened by g-factor and hyperfine anisotropy
and by unresolved hyperfine interactions from hydrogen nuclei in nearby molecules
so that the minimum linewidth is typically > 10 MHz. The dipolar splittings are lost
in the wings of the inhomogeneous lineshape and produce no distinct features. In
addition, dipolar interactions from more than one PC produce a convoluted dipolar
lineshape that further smears out any distinctive structure.

Although resolved features rarely result from dipolar interactions characteriz-
ing the spatial distribution of PCs in irradiated materials, the dipolar interaction
still has an impact on the EPR spectrum. There is some broadening because the
resulting spectrum is a convolution of the dipolar broadening function and the EPR
spectrum of an isolated, non-interacting PC. The convolution relation provides an
opportunity to recover dipolar information if the EPR spectrum of isolated-non-
interacting PCs can be obtained. Several different approaches have been used with
some success. They generally seek to produce the same PCs at low concentration
and more random distribution to minimize dipolar interactions but with the same
structure, conformation and environment. One approach is to generate the same
PC by another means. If the structure of heavy ion tracks is studied, production of
PCs by low-dose UV-photolysis or low LET irradiation may be adequate. Irradia-
tion at a higher temperature can increase transport before reaction or trapping and
result in a more uniform distribution. The other approach starts with a non-uniform
sample and mobilizes the PCs and uses diffusion to randomize the distribution and/
or decrease the number of PCs through recombination or other reactions. Thermal
annealing, optical bleaching/photolysis, and long-term storage have been used suc-
cessfully. This second approach can be repeatedly applied to a sample until a limit-
ing spectral shape is reached, presumably corresponding to a random distribution
with minimal dipolar interactions.

The dipolar broadening spectrum can be recovered from the two EPR spectra us-
ing a Fourier deconvolution method developed for site-directed spin-labeling EPR
studies. A similar problem is faced there for CW EPR spectra of biomacromolecules
with one or two nitroxide spin labels attached at specific locations [20]. Rabenstin
and Shin [21] divided the Fourier transforms of the EPR spectrum of the singly-
and doubly-labeled biomacromolecules (with and without the dipolar interaction)
to produce the Fourier transform of the dipolar broadening function. An inverse-
Fourier transform then produced the dipolar broadening spectrum and this method
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is used routinely in the structural biology community to analyze site-directed spin-
labeling data. Occasionally the deconvolution produces a recognizable Pake-like
pattern which gives the distance between labels. More often conformational flex-
ibility results in a distribution of inter-label distances, not unlike the distribution of
PC separations in irradiated solids, smoothing the features of the Pake-like pattern.
Nevertheless a weighted average distance can be obtained.

The second approach is based on standard second moment theory for EPR spec-
tra [22-24]. The second moment M, of a spectrum is basically its variance and has
the property that the second moment of the convolution of two spectra is just the
sum of their individual second moments. Subtracting the second moments of the
spectra without and with dipolar interactions yields the second moment of the di-
polar broadening function or 2 <Dperp2> for a pair with a distribution of distances.

Unfortunately, both of these procedures have a major limitation when applied
to irradiated solids. The second moment or the dipolar broadening function cor-
responds to a distance only for a single pair of PCs. This is generally an excellent
approximation for site-directed spin-labeling and some UV-photolysis experiments,
but not for investigating spatial distributions of radiation-generated PCs. This limi-
tation arises because as additional PCs interact, the total EPR spectrum is convo-
luted with more and more pair-wise dipolar interactions. The dipolar broadening
function becomes broader and its second moment increases. Unless a Pake-like
structure is resolved in the Fourier-deconvoluted dipolar broadening function, there
is only a single parameter, the width or second moment, and no means to distinguish
between a cluster with a few strongly-interacting PCs and a large mob of many
weakly-interacting PCs. This is the same limitation that C, has and can be seen
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16.3.2 Non-linear Methods

There are quite a few standard and not-so-standard non-linear CW EPR methods
that are sensitive to dipolar interactions. They range from progressive power satu-
ration of the EPR signal [25, 26]; through ELDOR [27], passage effects [28] and
saturation transfer [29]; to multiple quantum EPR [30]. In each approach, the inten-
sity, and sometimes shape, of the signal depends on magnetic relaxation parameters
influenced, in part, by dipolar interactions. However, these approaches are all lim-
ited by the same fundamental problem. The dipolar interaction is but one factor in-
fluencing the signal and cannot be cleanly disentangled from the other determinants
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of relaxation. The evolution and relaxation of magnetization in solids is usually not
accurately described by the Bloch equations that provide the starting point for quan-
titative analysis of non-linear CW-EPR spectroscopy. One is forced to use trends in
the behavior of the EPR signal as an indication of qualitative changes in the PC fp -
such as the onset of spur overlap.

16.3.3 CW EPR Results

The most extensive study of PC distribution in radiation chemistry by non-linear
CW-EPR was by the Kevan group [31—41]. Power saturation of the EPR signal was
used to investigate the distribution of trapped electrons, hydrogen atoms, and silver
atoms, among others, in y-irradiated frozen organic and aqueous glasses and the
effect of irradiation temperature and photoexcitation. EPR saturation curves were
measured for different doses and a phenomenological spin relaxation rate was ex-
tracted using simple models of the EPR response [25, 26]. The measured rate was
recognized as being a complex mixture of relaxation routes, including spin-lattice
relaxation, caused by interactions of a PC with the lattice, along with spin-spin
interactions among the PCs. However, only spin-spin interactions should be dose
dependent and only after damage from different y-ray tracks began to overlap, pro-
viding a way to detect the onset of overlap.

The relaxation rate was constant at low radiation doses but eventually started to
increase at higher doses, which was taken as the point where the spurs could com-
pletely fill the sample volume had there been no overlap. Then, assuming uniform
spurs with 100 eV of energy deposited per spur, it was possible to determine the
spur radius. In different aqueous and organic glasses irradiated at 77 K, the spur
radius varied from 4 to> 13 nm for trapped electrons and hydrogen atoms which are
fairly mobile before they are thermalized and trapped. Less mobile PCs were found
to have spur radii as small as 2 nm. These studies achieved an important character-
ization of the size scale for spurs in these materials. Yet they rest on a very idealized
spur model that misses the complex energy distribution by y-rays.

16.4 ESE Methods

The CW EPR signal from PCs in solids depends on many parameters that are poorly
understood or difficult to measure, making the study of spatial distributions inexact.
Pulsed EPR has an important feature that makes measurements more convenient
and more exact. Pulsed EPR provides greater control over signal generation, en-
abling a strategy known as refocusing. When applied properly, refocusing makes
a signal independent of most interactions and allows quantitative measurement of
the desired parameter, such as the distribution of dipolar fields. The principle of
refocusing is demonstrated in the electron spin echo and is employed extensively
in PDS.
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Fig. 16.3 Pulse sequences for different pulsed EPR measurements. The microwave pulse channel
is labelled as mw, the signal channel shows the position of the detected echo, and a common tim-
ing convention. Typical relative widths of the microwave pulses are indicated. a the two-pulse or
primary electron spin echo sequence with the position of the FID signal indicated, b three-pulse or
stimulated echo, ¢ three-pulse DEER experiment with the two microwave channels labelled with
their frequencies, d four-pulse DEER sequence

Erwin Hahn produced the first spin echo [42] with nuclear spins and quickly
followed with PCs. The basic experiment starts with magnetization arising from the
interaction of a static, applied magnetic field and the PCs in a sample. Microwave
pulses at a frequency corresponding to energy differences between spin states of the
PCs are applied. The spin echo is produced by a pair of pulses separated by a short
time known as 1, Fig. 16.3a. Each pulse tilts a portion of the sample magnetization,
with which it is nearly in resonance, away from the applied magnetic field.

Following the first pulse, the magnetization precesses freely around the applied
magnetic field, emitting a signal known as the free-induction decay or FID. The
FID is a time-domain signal that is intimately related, via the Fourier Transform, to
the frequency-domain CW-EPR spectrum. The FID contains much the same infor-
mation about dipolar interactions and the spatial distribution as does the CW-EPR
spectrum, but intertwined with all the anisotropies, inhomogeneous broadening, etc.
that make quantitative dipolar studies using the CW-EPR spectrum so problematic.
A sub-ensemble of PCs that have the same EPR frequency, o, is often called a ‘spin
packet’ or ‘isochromat’. Each spin packet precesses relative to the microwave fre-
quency, o, at a rate Ao =(m —o,) so that its phase relative to the microwaves at the
time of the second pulse is Aot. The magnetization from each spin packet is rotated
by the second pulse leaving it with a phase 1—Awmt. Most things that determine the
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EPR frequency of a spin packet, e.g., g-factor, hyperfine couplings, are unchanged
by the microwave pulses so that A®w remains unchanged. At time ¢ after the second
pulse, the spin packet has a phase n—Awt+Aws which equals © at r=t after the
second pulse. Every spin packet has the same phase independent of Aw, just like all
spin packets have a phase of 0 at the start of the FID. The magnetization from all the
spin packets excited by the microwave pulses interfere constructively and produce
a spin echo—a FID-like signal with opposite phase, T after the second pulse and 21
after the first.

At the center of an echo, the magnetization of each spin packet is independent of
A® and the inhomogeneous broadening and anisotropies that contribute to Aw. The
precessing magnetization is said to be refocused into an image of the FID where A®
has no influence on the echo intensity at different values of t. The echo intensity
does decay at large 7, e.g., by the 7, of the Bloch equations or the more general
phase memory time T,;, but not by interactions that remain invariant during gen-
eration and formation of the spin echo. There is one notable interaction that does
change—the dipolar interaction of an observed PC with other PCs in the sample,
allowing the study of the spatial distribution of PCs. The dipolar interaction can
change because the second microwave pulse excites the other PC, or because the
other interacting PC relaxes. The change in dipolar interaction changes its contribu-
tion to Aw and o, resulting in a variation of the EPR frequency of each PC, known
as spectral diffusion, and in a failure of the magnetization to completely refocus in
the echo.

It is largely a matter of personal taste whether to speak of spectral diffusion as a
part of 7, or T, decay of the spin echo or as a separate process, but for convenience,
we will consider them as separate. The primary reason for doing so is to split the
decay of the spin echo V(1) into the product of two terms: the ‘intrinsic’ relaxation
of the PC in isolation, V; ; and the decay resulting from spectral diffusion and dipo-
lar interactions, V. Usually, the intensity of the spin echo appearing at the time 2t
can be expressed as a product.

V(¥) =V, (T, DV (7) (16.29)

It is much easier to separate these two quantities in experimental spin echo decays
than it is to extract quantitative dipolar information from CW EPR spectra or satu-
ration studies. The spin echo experiment refocuses most interactions that have no
bearing on dipolar interactions, makes the echo signal decay independent of those
extraneous interactions, and allows a clean determination of the pertinent dipolar
interactions.

This two-pulse, or primary, echo experiment has been expanded into a large
family of experiments to measure different PC properties, with more pulses and/
or microwave frequencies, and refocusing as many extraneous influences as pos-
sible. Some of these experiments are discussed later in this chapter. When discuss-
ing pulsed measurements, it is common to distinguish the PCs that produce the
measured EPR signal (known as A spins) from the PCs that have dipolar couplings
to and affect the A spins (B spins). This is not always a unique distinction because
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some PCs act as both A and B spins while others are neither A spins nor affect the
A spins.

16.4.1 Spectral Diffusion

Spectral diffusion is a general term for the variation of the EPR frequency of a PC
with time. It can arise from a variety of causes unrelated to the spatial distribution
of PCs, e.g., molecular motion of the PC or the surrounding matrix, or nuclear spin
diffusion of matrix nuclei which are typically considered parts of the intrinsic V; ,
relaxation of the PC. Although spectral diffusion enters into many pulsed experi-
ments, it is most often studied using the primary echo.

Nuclear spin diffusion makes an important contribution in nearly all samples
because PCs have weak, but non-zero hyperfine interactions (primarily dipolar)
with nuclear spins even a few nanometers away [1, 43]. Flip-flops (7,-like events)
between nuclear spins modulate the net hyperfine interaction and EPR frequency
of the PC. Although the hyperfine interaction with any distant nuclear spin is weak
and the rate of flip-flops is slow, there are large numbers of nuclei that potentially
participate. Decay of the spin echo is often dominated by nuclear spin diffusion
for PCs in samples with significant aqueous or organic components. Depending
on its rate and the strength of the hyperfine interaction with the PC, the spin echo
decay from nuclear spin diffusion often has the form Exp[—(21/T,)"] where n lies
between 1.75 and 3 [2]. Deuteration of the sample, replacing 'H with 2H, slows
V. . relaxation in most cases by decreasing 1/7), and n, but may perturb the spatial
distribution, e.g., by affecting thermalization of holes and electrons or the rate of
hydrogen abstraction.

Spectral diffusion arising from dipolar interactions between PCs is more relevant
to the study of spatial distributions. Spectral diffusion can occur if the second mi-
crowave pulse generating the spin echo also affects B spins with a dipolar coupling
to the A spins. This can happen when the B spin’s EPR frequency is close to that of
the microwave pulse. In that case, the spectral diffusion occurs at the instant of the
second microwave pulse and is known as ‘instantaneous’ diffusion. Spectral diffu-
sion can also take place as a result of flip-flops between B spins or from the spin-
lattice (7)) relaxation of nearby B spins which can occur one or more times during
the entire 2t of the echo-generating sequence.

16.4.1.1 Instantaneous Diffusion

Instantaneous diffusion was treated by Klauder and Anderson [44] for a homoge-
neous distribution of PCs and was later generalized for a uniform distribution in
a lower dimensional object such as a plane or a line by Milov et al. [13]. Instan-
taneous diffusion can be expanded from the response of an A spin with a dipolar
coupling to a B spin [45—47]. The contribution to the primary echo response is
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V(0 = Tr (50 S, )

=[(cosh(R, 1) +%sinh(RB 7))’
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The density matrix for the pair composed of the A and B spin is p, ;, the dipolar
coupling between the pair of PCs is Dy, W, is the rate at which §_of the B spin
changes, R,>=W,*—D,*4 and p, is the probability that the second microwave
pulse flips the B spin. The instantaneous diffusion is distinguished from all other
types of relaxation of the spin echo by its dependence on py,. If the B spin relaxes
very rapidly so that W, 1>>1, then Vpair,B(T) becomes independent of p, and that A
spin no longer contributes to instantaneous diffusion. On the other hand, if W r<<1
for the measured range of 7, it is possible to set ;=0 and obtain the instantaneous
diffusion signal

Dt Y
I/ID (T) = Vpair,B (T) = 1_ 2pB Sln( ; )
=1- py (1—-cos(D,1)) (1631

If an intermediate value of W results from flip-flops transitions and interactions
with other B spins, then higher-order correlation functions and not just the simple
radial distribution function are involved; this case will not be considered here. How-
ever, if W} is determined by spin-lattice relaxation of the isolated B spin, it can be
slowed by decreasing the measurement temperature until W, t<<1, to allow use of
Eq. (16.31) rather than (16.30).

Each A spin typically interacts with more than one B spin. The instantaneous
diffusion decay of the A spin from its interactions with all the B spins in the sample
(or more generally the spectral diffusion decay when > 0) is

V() =Tr(55,, ) (16.32)

A major simplification is possible as long as interactions among the B spins can be
ignored, i.e., neglect of all dipolar and exchange interactions that do not involve the
A spin. Such a situation can occur in magnetically dilute solids. The density matrix
of the system is just the tensor product of density matrices for the pairwise interac-
tion of the A spin with each of the B spins in the sample. And V', or V,, is simply
the product of the individual V. . terms [48].
pair,
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This is an important result that allows expression of spectral diffusion as a product
of terms, for example, from PCs within the same spur or track and from PCs of dif-
ferent tracks, or for different radiation damage products. However, this result is pos-
sible only if all pairwise interactions that do not involve the A spin can be ignored.
In particular, it does not allow dipolar and exchange interactions responsible for
spin diffusion, spin flip-flops and cross relaxation among the B spins. When their
rate, W, is not negligible, as in samples known as ‘T, ’-type, Eq. (16.33) does not
apply. Therefore we focus on ‘T, -type samples at temperatures where W, is neg-
ligible. Instantaneous diffusion can also be observed through the stimulated echo.
The theory has been developed [1, 2, 43, 44] but will not be discussed here because
it is rarely used to determine spatial distributions.

16.4.1.2 Uniform Distribution

Equation (16.33) enables calculation of V(1) for W,=0, from a uniform distribu-
tion of PCs by averaging Eq. (16.31) over all possible distributions of B spins. If
the second term in Eq. (16.31) is small, which can always be achieved at p,<<1,

Vpair,B (T) =1-py (1 - COS(DBT))

- e—pB (l—cos(DB‘: ))

Vi (D) =Vg, (T, (W, =0))
= H Vair, (0 = He_p“' (1-cos(Dg )
2 (-eos(o3 ) (16.34)

=e !

If the probability, p, of flipping the spin of a B spin by the second microwave pulse
is the same for all B spins, then for a uniform distribution of PCs, the spin echo
decay due to instantaneous diffusion is
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C is the concentration of B spins having this uniform distribution and the angular
brackets indicate an average over the appropriate distribution. For A and B spins hav-
ing a g-factor of about 2.0 and S="'%, a in Eq. (16.35) approaches 8.2x 10713 cm?s™..
This exponential decay is proportional to the Fourier Transform of the nearly
Lorentzian dipolar spectrum [9]. We note that the second moment of this Lo-
rentzian spectrum is infinite if the excluded volume is ignored when integrating
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over r in Eq. (16.35). This is a feature common to magnetically-diluted systems;
estimates of the second moment do not converge smoothly. The rate of decay in
Eq. (16.35) is proportional to the dipolar interaction between spins at the distance
given by<1/r*>=C.

Other sources of echo decay, such as instantaneous diffusion from other B spins,
spectral diffusion, spin relaxation and even ESEEM, contribute multiplicatively to
the decay of the echo during the time period 2t. However, only instantaneous dif-
fusion depends on p, and this dependence is used to extract the instantaneous dif-
fusion from all other sources of echo decay. The p, can be calculated if the EPR
spectrum, g(®,), of the B spins is known and the microwave field, w,, is uniform.

Py = <[w2t )>

- wp t ’ 16.36
[ty sin(gpm)dwo (1636

ol -,)

It is best if small samples are used so that ®, is uniform over the sample. A distribu-
tion of w, affects both excitation of the signal and the efficiency of detection of the
echo signal from that region of the sample. In addition, A spins with different ©, de-
cay at different rates in Eq. (16.35) so that the overall decay can be non-exponential.

Equation (16.35) yields a simple result from a simple integration, but includes
the very unrealistic assumption that a uniform distribution of B spins extends be-
yond the sample to infinite distances. For macroscopic samples, the extension of the
averaging to infinity is justifiable. Distant B spins have tiny dipolar interactions so
that Dt is insignificant during the t=0.1-10 ps range of typical spin echo measure-
ments and the very distant B spins have no effect on echo decay. Therefore, sample
size and shape are irrelevant for instantaneous diffusion with uniform distributions.
At the other integration limit, very close B spins have an immediate effect on the
spin echo of the A spin. A pair of PCs with random orientation, &, relative to the ap-
plied magnetic field produces an average decay [49] expressed in terms of C and S,
the Fresnel sine and cosine integrals respectively [50]

(VW’B (r))e =1- p, (1-cos(Dy1)),
], cos(ng})C(\/;)+sin(ﬂ6y)S(\/;)
=1-py|1- 5

i- 6D,,,
e (16.37)

The factor following p, approaches unity at large t and exceeds 0.8 after about
0.15 ps for a pair of PCs with g~2.0 separated by 3 nm. That suggests the exponential
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decay limit in Eq. (16.35) requires p,<0.1. Fortunately the major deviation is at
even shorter times, within the deadtime of the measurement. Provided that the dis-
tribution of B spins is not highly correlated, the principal consequence of exciting
an extremely close B spin with the second microwave pulse is to cause the A spin to
disappear; leaving the measured echo to decay according to Eq. (16.35) during the
experimentally accessible time window.

The distribution of B spins cannot be uniform at short distances for a number of
reasons mentioned in Sect. 16.2.4. Any distribution must go to zero for distances
smaller than some r, but affects the spin echo decay only at short times that typically
are lost in the deadtime of a spin echo measurement. Klauder and Anderson [44] cal-
culated that the echo decay from instantaneous diffusion by a uniform distribution of
B spins with an r,, is initially Gaussian but smoothly becomes the exponential decay
in Eq. (16.35), which explained earlier experimental observations by Mims et al. [51].

16.4.1.3 Within the Track or Spur

The contribution of uniformly-distributed PCs to instantaneous diffusion is multi-
plied by a similar decay for PCs within the same track or spur. It then becomes nec-
essary to average V(1) over the j; () for the track or spur in the limit of p,<0.1 as

o a2 5.
7ij'0 fpc(r)J'U (1=cos(Dy (r,0)0)r? sin(@)dO dr

(Vp(m)=e

_ epr I: fp(_ (r)<17(:0s(DB (r,9)‘l:)>0 rdr (l 63 8)

This contains the same average in angular brackets encountered in Eq. (16.37). If
the functional form of /  is known, Eq. (16.38) can be evaluated and parameters of
the distribution determined, but if fp . is not known, there seems to be limited infor-
mation available. For small values of 1, the cosine function can be expanded, while
for long 1, the term in brackets approaches unity, giving two asymptotic limits. The
decay is initially Gaussian, yielding the average dipolar interaction, and at long
times becomes constant, giving the number (N+ 1) of PCs “in’ the spur or track. For
PCs with g~2.0, D in MHz and r in nm, the limiting forms are

—pp133T [ £ (DR, rdr —p133N(D2,, 2
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Salikhov et al. [52] place the break between the short- and long-time behavior at
the time t*=2.5/Dperp. To observe part of the early, Gaussian decay of Eq. (16.39)
in the spin echo with a spectrometer deadtime of 0.1 ps requires D,,,<4 MHz
(r>2.5 nm for g~2.0 PCs). To reach the constant, long-time limit by t=10 ps requires
D >>0.04 MHz (r<10 nm). Instantaneous diffusion actually probes a narrow dis-

taﬁeé'é range of roughly 2.5-10 nm which is similar to the diameter of spurs and tracks.
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16.4.1.4 Other Spectral Diffusion

Instantaneous diffusion represents the limit in which dipolar interactions change
only as a result of the second microwave pulse. The opposite limit occurs when
Dy approaches zero and spectral diffusion occurs by spin relaxation of the
B spins.

‘T,” Samples

The S, component of a B spin is part of the dipolar interaction and can change
through spin-lattice relaxation. The rate W, is assumed to be the same for all B spins
of the same type. The echo response for an A spin coupled to a relaxing B spin can
be calculated using Eq. (16.30) with p,=0. The response reaches limiting cases for
W, much smaller or much larger than the dipolar interaction. The echo decays at
W, for large dipolar interactions while there is ‘motional averaging’ or decoupling
of the dipolar interaction for W,>>D,.

2
B B
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The echo decay for a sample can be derived as in Egs. (16.34 and 16.35) for a uni-
form distribution to give
9B, T (2D)

Vp@)=e = (16.41)

The J, function has been derived and experimentally verified a number of times [1,
43, 45, 53-55]. For 7 in the range of 0.4-4.0 ps, J,(2W,1)/(2W,) is largely linear,
giving a nearly exponential decay for< V¢, >although the slope does vary, Fig. 16.4.
The asymptotic forms are known along with the limiting decay functions.
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Fig. 16.4 Plot of J,(2W,1)/
(2W,) versus 7 for various
values of W,: 1) 0.3x10° s},
2)1.25x10°s71, 3)
5.0x103s71,4)2.0x10%s7,
5)8.0x106s7!

Jp(2Wat)/(2Wit) /us
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Determining a non-uniform distribution is a challenge. The two limits in Eq. (16.40)
show that distant B spins do not contribute to the echo decay while all close B spins
make precisely the same contribution. Fortunately, the transition between these two
regions occurs rather abruptly. Calculations by Raitsimring and Salikhov [3] sug-
gest that the transition occurs over a change in distance of only a factor of two. They
suggest that the echo intensity at large W, measures the fraction of A spins which
lacks a nearby B spin with D> ;. This effect enables estimation of ]; . for PCs in
pairs or small clusters by systematic variation of Wt.

The echo decay caused by spectral diffusion was calculated for a uniform distri-
bution with finite p;, [3, 45]. An additional term appears in Eq. (16.41) (Fig. 16.5).

ﬁ J g (2WgT )+ pp 4 (2WpT)
<VSD (T)> =e S 2
16n2

1
J, (2WB’C) WB’C, Wt <<

0 Wr >>1 (16.43)

Fig. 16.5 Plot of J (2W,1)/
(2W,) versus 7 for vari-
ous values of ,: 1) 0s™!,
2)0.625x10°s71, 3)
1.25x10°s71,4)2.5x10°s71,
5)5.0x10°s7L, 6)
1.0x10¢s7!

JA(2Wet)(2Wet) Jus
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For irradiated samples with more than one type of B spin, there are differ-
ent< V¢, >for each type which are all multiplied together, each with its appropriate
values of C, W and p.

‘T,” Samples

Spin relaxation is considerably more complicated in solid samples of dilute PCs
than in the simple Bloch equation model [56]. S_ can change by a mutual flip-flop
with another nearby PC having the opposite value of S_. This is often called spin
diffusion since it involves the migration of a spin but not the PC, however in the
context of spectral diffusion measurements, it is often referred to as a 7, event.
The flip-flops are made possible by dipolar and exchange interactions so their
rate is strongly dependent on the distance between the two PCs involved. Typi-
cally there will be a broad distribution of flip-flop rates in a sample, because each
PC does not have the same distribution of PCs around it. In these ‘7, samples
the decay of the A spins depends on the distribution of B spins around it AND
the distribution of PCs around the B spins, in other words, third-order correlation
functions. Because each flip-flop involves two B spins, their dipolar interactions
with the observed A spin are not uncorrelated which further complicates the cal-
culation of <V, >.

Calculations have been made for these ‘T,” samples for a uniform distribution
of B spins, resulting in an equation for< ¥, >analogous to Eq. (16.43) with J, and
J, replaced by O, and Q, [3, 45]. The derivations of Q, and Q, use a phenomeno-
logical distribution for W, that is uncorrelated with D values and the distribution
of PCs, and also does not account for correlations between terms appearing in both

0,and O,

16.4.1.5 Spectral Diffusion Kernel

The stimulated echo is produced by three microwave pulses with a separation of ©
between the first pair and 7 between the second and third pulses, Fig. 16.3b. The
stimulated echo appears t following the final pulse and its normalized intensity
is represented as V(t,T). Mims [43, 57] noted that for ‘T,” samples for Wt and
WyT<<1, the Fourier transform of V(t,7)/¥(7) is the spectral diffusion kernel,
Ko (Aw,T).

The spectral diffusion kernel indicates how much the EPR frequency of a
PC has changed in the time T [58]. A slice from K, taken at T<<1/W, gives
the spectrum of dipolar interactions which could be deconvoluted to give ]; -
Such an approach would be expected to work best for relatively small clusters of
PCs. This experimental approach was used by Kulik et al. [59] as the basis for
the RIDME method which has been applied to PC pairs in biological systems
[60-68].
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16.4.2 Cross Relaxation

Dipolar interactions between PCs can produce a change in S_ in one or both PCs.
When this results in flip-flops among PCs of the same type it is called spin diffusion.
But if it is between distinctly different PCs, particularly if one has a fast spin-lattice
relaxation rate, it is often called cross relaxation. Both phenomena can be extremely
complex, depending on the EPR spectra of both PCs, 7', T, and the interaction D .

A common situation is where B spins are a different type of PC with rapid 7,
and act as a relaxation sink. The A spins are excited or inverted by a microwave
pulse and their relaxation is monitored in time. There are two important limiting
cases. One occurs when spin diffusion among the A spins is much faster than cross
relaxation to the B spin relaxation sink. The A spin relaxation is exponential. On the
other hand, when spin diffusion is negligible, the rate of cross relaxation for each A
spin is proportional to its strongest D2 If the / between A and B spins is uniform,
relaxation of the A spins has the well-known kinetics for any dipolar-mediated
quenching: exp[—(k #)"?]. If the sample is composed of dilute pairs of PCs, there
is some possibility of extracting f[; . 69, 70] although uncertainty as to the angular
dependence of cross relaxation can complicate matters [71].

16.4.3 Experimental Studies

An early focus of the electron spin echo spectrometer at the Institute of Chemical
Kinetics and Combustion in Novosibirsk, Russia was the study of relaxation and
spatial distribution of PCs in irradiated frozen solids. That effort helped develop
and validate many of the spin echo methods described here in Sect. 16.4. The ex-
perimental work has been reviewed a number of times [ 1-3]. It is amazing what was
accomplished without the sensitivity of modern instruments, without modern com-
puter applications and with analog data taken by hand from chart paper. Consider-
able information was derived by varying radiation dose and the type of radiation
from UV, which could produce only one PC pair per photon, to ®*Co y-rays, which
produce a trail of spurs, as well as neutrons and -, a- and fission particles spanning
almost three orders of magnitude in LET.

16.4.3.1 Validation

Detailed investigations of spin-lattice relaxation of hydrogen atoms trapped in
amorphous quartz at 77 K have been made [72, 73]. At sufficiently low hydrogen
atom concentrations, the main echo decay is due to 7. The spin-lattice relaxation
kinetics of the hydrogen atoms is exp(—a /). There is a distribution of spin-lattice
relaxation times caused by cross relaxation to a fast relaxing PC in the quartz. The
most probable value of T, for hydrogen atoms is 2x 1072 s at 77 K and about 100 s at
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Fig. 16.6 a The p, dependence of the echo decay rate b of hydrogen atoms for various concentra-
tions of hydrogen atoms in y-irradiated fused quartz at 77 K: (1) 3.8x 107 cm, (2) 2.0x 107 cm 3,
(3)0.9x10" ecm3, (4) 0.5%10'7 cm™3, b Instantaneous diffusion rate k,, versus the hydrogen atom
concentration. The slope is a

4.2 K. Because of weak interaction between hydrogen atoms and the lattice, instan-
taneous diffusion should be the main mechanism of two pulse ESE signal decay.

The two-pulse echo decay of hydrogen atoms trapped in glassy quartz at 77 K
was studied at various hydrogen atom concentrations and p,. The EPR spectrum
consists of two lines separated by the hyperfine coupling of 50.5 mT, each line
having a linewidth at 77 K of 0.03 mT. Either hydrogen line could be uniformly ex-
cited. The spin echo decay kinetics for hydrogen atoms are described by the simple
exponential function

P

Py

-21—=a(,
—271h, H
=e e 2

(16.44)

C,, is the hydrogen atom concentration in the sample and a was found to be 8 x 103
C,, cm? s™!, where p, is calculated for one and not both of the hydrogen atom lines,
introducing the factor of 1/2. The decay rates are plotted in Fig. 16.6 and show that
the echo decay is caused by instantaneous diffusion from a uniform distribution of
hydrogen atoms.

Two types of PCs, H atoms and SO, ion radicals, are stabilized at 77 K in irradi-
ated solutions of 8 M sulfuric acid. The two-pulse spin echo decay of the hydrogen
atoms [74] is

V(t)y=e" (16.45)

The experimental data falls on a straight line when it is plotted in special coordi-
nates, providing good evidence for the validity of Eq. (16.45). The values of m were
determined from the slopes of the straight lines, and the values for » were obtained
from the intercepts (Fig. 16.7).
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Fig. 16.7 Kinetics (lin- i
ear plot) of hydrogen 1
atom spin echo decay in
irradiated sulfuric acid at
77 K for various hydro-
gen atom concentrations
(em™): (1) 2.4x10"® em 3,
(2)2x10"7 em?3, (3)
2.2x107 cm, (4)

2x10"7 em™. V, and V, are
the amplitudes of the ESE
signal corresponding to the
times T, and 7,

10g1o(V4/Vo)/(to1) Ips

T+1, /uS

The exp(—m T%) term in the decay is indicative that nuclear spin diffusion
among the matrix protons contributes significantly. The parameter m is indepen-
dent of the PC concentrations and equals 2.6 x 10" s72. This is in good agreement
with the theoretical values and m depends on the matrix proton concentration as
m=7x10%em®s>C_ 7 inthe 8 M H,SO,.

The SO, ion radicals in the frozen y-irradiated sulfuric acid solutions were
investigated [45] over a wide range of concentrations and temperature. The main
contribution to their echo decay at low concentrations (~10'7 cm ™) is from nuclear
spin diffusion and from their own spin-lattice relaxation. This system can be re-
garded a ‘T,’-sample. At high concentrations of SO, (>5 x 10'8 cm ) an additional
decay component appeared, corresponding quantitatively to the spectral diffusion
of Eq. (16.43).

These studies were conducted at high doses where the overlap of spurs and hy-
drogen atom diffusion before trapping was expected to produce a uniform distribu-
tion. In fact, the shapes of the decays are those expected for a uniform distribution.
The echo decay could be measured over the limited range of t~0.3—5 ps. At shorter
T, the echo was obscured by the ringing of the cavity and switching transients and
at longer t, the echo had decayed into the noise. The expected drop in f, at short

. pe
distances would be apparent only during the 0.3 ps deadtime. These measurements
confirmed the theory for echo decay caused by instantaneous diffusion and by spec-
tral diffusion in ‘7', and to a lesser extent ‘7,” samples.

16.4.3.2 Track Structure in Methanol

Several systems were then studied at low dose to determine the point at which spurs
and tracks failed to overlap and the spatial distributions were no longer uniform.
These were easiest using particles to irradiate the samples rather than X- or y-rays
because the higher concentrations of PCs within particle tracks provided better
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Table 16.1 Experimental data on radiation-chemical yields, track radii, and local concentrations
in irradiated methanol at 77 K

Radiation source | LET (keV/um) | G, (1/100 ev) C,. <107 (cm™) | R, (nm)
B(T) 11 55 25 9
SLi(n, o)T 160 2.6 7 13
210po(or)Pb 200 33 8 15.5
19B(n, o)’Li 430 1.0 7.5 13
25(n, f)Pr 5400 0.2 75 18
BCSS) 10 6 1.7 9

sensitivity. The most detailed studies were carried out for methanol [75-78]. The
mechanism of radical formation is well understood in frozen methanol irradiated at
77 K. It is a convenient system for investigation of track effects because it is pos-
sible to move radicals from localized tracks to a uniform distribution throughout the
volume. The radical formation mechanism in glassy methanol at 77 K is as follows:

CH,OH — CH,OH" +¢
CH,OH + 'CH,0H* —'CH,OH + CH,OH,"
¢ +CH,0OH," — CH,0H+H’
H' + CH,OH — H, + CH,OH (16.46)

Radiation with different linear energy transfer, LET, was used, Table 16.1. Ther-
mal neutron irradiation was carried out in a nuclear reactor. The mean LET for the
various sources are included. Small amounts of the corresponding isotopes were
dissolved in methanol before freezing as transparent glasses at 77 K, and the echo
decay for the CH,OH radical was investigated. The average radical concentration
C,,, was determined by CW EPR.

Plots of the echo decay rate b versus the CH,OH radical C, , during B-irradiation
are given in Fig. 16.8 (curve a). Atlow C _ . b is independent of radical concentration

ave’

Fig. 16.8 Concentration
dependence of phase relax-
ation rate of CH,OH radicals
a under B-irradiation and b
after UV photolysis of the
irradiated samples. The limit-
ing values of b at C=0 are
b"and b, for curves a and b
respectively

1
0 2.4 4.8 7.2 9.6

C /10 enr?
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with a limiting value 5*=0.4x10°s™!. Above a C,  of about 4 x 108 cm™, the decay
rate becomes a linear function of concentration for B-irradiation

b=0.12x10°s" +1.1x10 " cm’s™'C (16.47)

ave

The C,, of CH,OH radicals is linear over the range of absorbed dose and was used
to determine the radiation chemical yield G in Table 16.1.

Similar experiments were performed with the other types of radiation. The de-
pendence of the echo decay rate on C_  always has the same form characteristic of
track spatial inhomogeneity. At small C, , up to the point of overlapping tracks, the
decay rate is constant. With further dose increases, the dependence becomes linear,
with the slope expected for a uniform spatial distribution of PCs at the concentration
C,..- Only in the case of neutron irradiation was the linear region not observed. The
value of b*=0.88 x 10° s™! was large and the small absorbed dose would not have
reached the linear region.

The results of these experiments indicate a non-uniform spatial distribution of
radicals. Independent experimental corroboration of such a distribution was ob-
tained by studying the echo decay of the CH,OH radicals after UV photolysis of the
irradiated samples.

It is well known that UV light decomposes CH,OH radicals into CH,, H, and CO
[79]. The methyl radicals and hydrogen atoms are unstable in an alcohol matrix at
77 K because they diffuse and react with each other and with the alcohol molecules.
This results in the formation of new CH,OH radicals but with some decrease in their
numbers relative to the initial CH,OH radicals:

"CH,0H——"CH, & HCO

HCO'—Y—H" +CO

"CH, = CH,0OH — 'CH,OH + CH,

H = CH,0H —» H, +'CH,OH (16.48)

The diffusion indicated by the thick arrow must decrease the initial inhomogene-
ity of their spatial distribution. If irradiated samples are illuminated by UV light
and then kept in darkness, the spatial distribution of CH,OH radicals will be more
uniform.

Experiments with UV light exposure were performed as part of the echo decay
measurements. Typical results are shown, Fig. 16.8b, for -irradiation. The arrows
show changes in C  and echo decay rate for CH,OH radicals in particular samples
following UV photolysis and extended storage in darkness. As expected, the echo
decay rate became linear with C_, over the entire concentration range and corre-
sponds to a uniform distribution of PCs.

The results allowed one to determine C, . in methanol irradiated by various types
of ionizing particles. For a random radical distribution, the dipolar interactions con-
tribute 1.1x107%cm?/s C, , to the spin echo decay rate, Eq. (16.47). Therefore, for
a uniform spatial distribution of radicals inside the tracks, the C,  is given by
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b —b
loc ZWC}%}S (1649)

Here b* is the decay rate for C, , (doses) in the initial flat region, Fig. 16.8, where
track effects are observed, and b, is the y-axis intercept from the linear region. The
C,,. calculated in this way are listed in Table 16.1.

The geometrical dimensions of the tracks are estimated from C, . Suppose that

the tracks are cylindrical with a radius R, and a length L equal to the path of the

ionizing particle, then
R = |GeLET s (16.50)
100z C,

C,,.and R in methanol irradiated by various types of particles are summarized in
Table 16.1. The track structure has been studied by similar methods in other polar
compounds irradiated by high-LET particles at low temperatures [75].

16.4.3.3 Detailed Track Structure

The mechanism of CH,OH radical formation, Eq. (16.46), shows that there are two
types of initial damage species produced. One arises from the primary electron. The
other from the positive charge or hole, in the case of methanol, the CH,OH" radical
cation. But in methanol the electrons and holes produced a single trapped radical
product CH,OH, making it impossible to know the precise origin of the radical be-
ing measured. The experiments measure a single mean value for the track radius.
Yet, one can argue that radical tracks may have different radii for electron versus
hole products if the mobility of their precursors differ, i.e. R,~ and R, ". This issue
was hotly debated in the development of radiation chemistry starting from the early
1950s, for example [80-82]. Detailed track structure from spin echo studies helped
resolve the issue.

Two PCs are stabilized in irradiated alkaline glasses at 77 K: trapped electrons
(e,) and oxygen radical ions (O"), produced by a simple sequence of reactions.

H,0 - H,0" +e,
e, —> €
H,0" +e, > H,0&H, &0,
H,0" -'OH—> H'+'0" (16.51)

Here the t and m subscripts indicate trapped and mobile electrons and (¢"), is the di-
electron [83, 84]. The spatial distribution of e ~ is a result of the path length of mobile
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Fig. 16.9 EPR absorption and first-derivative EPR spectra of trapped electrons, e,”, and O radical
ions in y-irradiated 9M NaOH at 77 K

e, formed in the initial ionization process before they are thermalized and trapped.
The O~ radical ions are formed by the last sequence of reactions in Eq. (16.51)
which may be preceded by hole transfers from H,0™ to H,O. These reactions allow
hole migration through the medium and ultimately determine the spatial distribution
of the trapped O~ radical ions. The EPR spectra of O™ and ¢, overlap negligibly be-
cause of the difference in their g-factors, Fig. 16.9. The echo decay of these PCs can
be measured separately. Thus there was the possibility to separately study O~ and
e, spatial distributions. Frozen solutions of 9 M NaOH were y-irradiated or doped
with small amounts of tritiated water, T,O, for B-irradiation [85]. The echo decay
rate was determined for ¢ at 77 K and for O™ ion radicals at 77 and 4.2 K.

Instantaneous diffusion is the principal route of echo decay for these PCs. The
temperature dependence on the rate for O™ radical ions indicates thatitis a ‘7, -type
sample with W<10°s' at 4.2 K. The ¢, echo decay rate is described by Eq. (16.45)
but for O~ by

V(t)= e (16.52)

The nuclear spin diffusion terms m and a are independent of C_ of the PCs, and
the difference in the echo decay kinetics might be caused by different local nuclear
environments around e~ and O™. In both cases b depends on p, and the concen-
tration of PCs. The effect of spatial inhomogeneity was observed only for O~ in
B-irradiated samples, Fig. 16.10. The echo decay rates coincide for e~ in B- and
y-irradiated samples. The slope of the straight line, Fig. 16.10, gives the value of
0=(6+2)x10"" cm?/s, Eq. (16.35), for ¢, and 7.2x107"* cm?/s for O~ which are
close to the theoretical value of 8.2 x 07! cm?/s for a uniform distribution of PCs.
The departure from linearity for O™ in B-irradiated samples makes it possible to
determine C,_ for O™ in a p-track from b*/a=2x 10'8 cm™, where b* is the echo de-
cay rate in the region where b is independent of C _for O". Such a C,  corresponds
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Fig. 16.10 Plots of echo decay rate b vs C_  of O radical ions in y- and S-irradiated samples

toR_=7.5nm. The ¢, are uniformly distributed at least for C, >2x10'" cm 3. This
value indicates R, >20 nm for the ¢, . Thus it is clear that the ¢, and the O™ radical
ions are distributed non-uniformly with respect to each other [85] and have differ-
ent spatial distributions. Since the mean distance between O™ radical ions in a track
is about 7.5 nm, the formation of O~ from H,O" would occur after at least 15 hole
transfers.

Frozen glassy solutions of sulfuric and phosphoric acids are also systems in
which the detailed structure of radical tracks can be obtained by electron spin echo
studies. The e_~ become trapped as hydrogen atoms after they react with H*, and
the positively-charged holes react with the acid anions, e.g., SO, 2, after charge
migration, producing the corresponding radical ions (SO,"). Behavior of the echo
decay for y-irradiated samples of these acids could be described by a uniform spatial
distribution of hydrogen atoms and the radical ions even at the lowest doses that
could be studied. Therefore the echo decay rate was studied in a- and B-irradiated
solutions of 8 M H,SO, and 12 M H,PO, [86], but we will not describe these studies
in detail because the results are similar to those obtained for alkaline glasses. The
main results for these systems are summarized in Table 16.2.

The anion PCs resulting from the positively charged H,O" holes are localized in
aregion with a radius of about 7 nm, while the trapped electrons or hydrogen atoms,
with mobile electrons as precursors, are localized in much larger volumes with radii
exceeding 20 nm.

It is much more difficult to distinguish electron and hole products in organic ma-
trices because the products are PCs with very similar, overlapping spectra or, as in the
case of methanol, Eq. (16.46), the products are identical. The use of electron scaven-
gers can allow determination of the spatial distribution of electron and hole products.
The B-radiolysis of 1 M solutions of cadmium perchlorate Cd(ClO,), in methanol
results in two types of PCs: Cd" ions with mobile or trapped electrons as precursors
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Table 16.2 Radiation-chemical yields, local concentrations, and track radii in methanol and in
aqueous acid and alkaline solutions irradiated at 77 K

Solution PC Radiation Gg (1/100eV) | C, % 10777 R, (nm)
(ecm™)

8 M H,SO, H B(H) 2.0 <2 >20
H a('%Po) 0.85 ~10 ~25
SO,” B(H) 2.0 15 6.5
SO,” a('%Po) 1.7 120 10

I2MH,PO, |H a('%Po) 0.46 ~4 ~30
PO, a('1°Po) 1.1 110 8.5

8 M NaOH e BCH) 2.7+0.3 <2 >20
(on BCH) 3.7+1 20 7.5

Methanol Cd* B(H) 25 >13
holes BCH) 25 2.5

and CH,OH radicals with CH,OH" as precursors. Their EPR spectra overlap only
partially. Cd" has an asymmetric doublet that overlaps the CH,OH radical spectrum
but is approximately six times more intense. The low-field portion of the CH,OH
spectrum is free of overlap. It is possible to make echo decay measurements for each
PC due to the large differences in their EPR signal intensities at different fields.

Within experimental error of 30—40%, in B- or y-irradiated samples, equal
amounts of Cd* and CH,OH are formed with radiation-chemical yields of
2.5%x107%2 eV'! in B-irradiated and 3x 1072 eV ™! in y-irradiated samples [87]. The
dipolar interactions, the local concentrations and the track radii were determined for
each PC from the echo decay rates. Measurements in the B-irradiated samples were
made at 4.2 K at concentrations of 10'7-10' cm™3. The echo decay kinetics for both
PCs is described by Eq. (16.45) for uniform distributions of paramagnetic centers.
But in contrast to systems that really have a uniform distribution, the decay rate for
CH,OH in p-irradiated samples is constant up to C, ~2.5x10'8 cm™. For larger
C ., the decay becomes linear with C_; with the same slope obtained for uniform
CH,OH distribution. The hole products are trapped in spatially restricted regions—
the tracks of ionizing particles with R, =2.5 nm in B-irradiated methanol. The local
concentration of Cd" ions is apparently so low that the dipolar interaction for their
track cannot be measured. Estimations of the minimum radius gives R_>13 nm for
the electron products in methanol. These results may be considered a direct verifica-
tion of models for the structure of ionizing particle tracks in condensed phases that
were put forward as far back as 1951 by Lea, Gray, and Platzman [80, 81].

16.4.3.4 Ammonium Tartrate

Instantaneous diffusion of X-irradiated single crystals and powders of ammonium
tartrate was studied at room temperature by Brustolon et al. [88]. Irradiated ammo-
nium tartrate has a single long-lived free radical with rather slow relaxation rates at
room temperature and has been proposed as a convenient chemical dosimeter. The



616 M. K. Bowman et al.

rate of echo decay by instantaneous diffusion was exponential and k,,, of Eq. (16.35)
for different radiation doses was measured by varying p,. A straight line was fit to
a plot of k,,, versus radical concentration in single crystals and the distribution of
radicals was concluded to be uniform. An extension of this work discussed later in
Sect. 16.5.3 found that at lower doses, £, is constant and corresponds to the C, .
of isolated ionization events. If a line going through the origin, consistent with
Eq. (16.35) is drawn through the data, then a break appears at low dose similar to
those discussed for non-uniform distributions.

Measurements were also made on ammonium tartrate powder at doses above the
apparent break in the single crystal response. Again, the &, could be fit by a straight
line that did not pass through the origin. The scatter in the points is much less than
for single crystal samples and it is clear that the data is incompatible with a uniform
distribution in Eq. (16.35). The empirical data does support the suggestion by Brus-
tolon et al. [88] to measure radical concentration and hence dose from the rate of
instantaneous diffusion in powders rather than by quantitative EPR.

16.4.3.5 Other Approaches

Ichikawa et al. [89-91] examined several y-irradiated solids. Cross relaxation
between PCs was extrapolated to zero dose to estimate the cross relaxation be-
tween PCs within the same spur. Average local concentrations and spur sizes were
consistent with those found by the Kevan group using CW EPR and discussed in
Sect. 16.3.3.

The determination of the tail of j; . for PC pairs produced by photolysis [92,
93] or y-radiation [94] was reviewed by Raitsimring and Salikhov [3]. Metal ions
were photolyzed or sulfuric acid solutions were irradiated to produce a free radi-
cal trapped near a fast-relaxing PC, creating ‘T,” spectral diffusion. The tail of fp .
extending beyond 1.7 nm was determined and diffusion of hydrogen atoms during
thermal annealing was observed. W, of the metal ions was too small to enable ob-
servation of pairs with distances any smaller than 1.7 nm.

16.4.3.6 Summary

In several studies mentioned here, the kinetics of the echo decay had the form ex-
pected for a uniform spatial distribution of PCs, while variation of the dose and C,,
indicated an inhomogeneous distribution at low doses. This apparent contradiction
arises because of the small window of distances that contribute to the observed
decay. One can expect that within the spur or track radius, the j; . 1s fairly con-
stant and corresponds to the Cloc derived from the instantaneous diffusion. There is
good consistency among the number of PCs in the sample, C, . and the size of the
tracks. PCs formed by low-mobility holes lie in a track with radii of 2.5 nm (frozen
methanol) to 8.5 nm (frozen acid glasses) around the path of B-particles. Electrons
or mobile hydrogen atoms in the same samples have track radii at least 13—-30 nm.
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Much of the uncertainty in the size of the track of electron products results from
the low doses necessary for their measurement and the limited sensitivity of pulsed
EPR spectrometers when the measurements were made.

16.5 Pulsed Dipolar Spectroscopy

The spin echo based measurements of distance distributions discussed in Sect. 16.4
are a major advance over CW measurements because refocusing of inhomogeneous
broadening allows more precise measurement of dipolar interactions. Yet, a number
of other effects still are present in the intrinsic echo decay V, (7,,7) of Eq. (16.29).
V. . is often a non-exponential or even non-monotonic decay that must be separated
from ¥, based on variation of the decay with dose, temperature or p,. Errors in
separating these two contributions to the total echo decay propagate into ]; -

Just as the spin echo is able to ‘refocus’ inhomogeneous broadening, pulse se-
quences for pulsed dipolar spectroscopy, PDS, ‘refocus’ the intrinsic decay that is
unrelated to dipolar interactions. Most PDS methods belong to a class of constant
time measurements in which an echo is measured, but delay times, such as t and
T, are kept constant so that ¥, remains constant. One family of techniques has its
roots in double resonance spectroscopy [13] while the other is known as double
quantum coherence or DQC spectroscopy [95].

16.5.1 DEER

The most common electron double resonance experiment, known as DEER or PEL-
DOR [13, 49, 96-98], uses two different microwave frequencies while a variant
known as the 2+ 1’ sequence uses only one frequency [47]. They are, in fact, two
limiting cases of the same technique. The ‘2+ 1’ sequence is suited for measure-
ments on a single type of PC with a narrow EPR spectrum while DEER is ideal for
two kinds of PCs with very different EPR spectra.

The three-pulse DEER experiment generates a spin echo from A spins using a
pair of pulses at one microwave frequency, w,, with a fairly large 7. A pulse at a
second microwave frequency, w,, is applied at a time 1’ between the two detection
pulses, Fig. 16.3c. In the simple model of DEER with W,=0, the detection pulses
only excite A spins while the pump pulse only excites B spins. The intrinsic decay
V. . of the A spins does attenuate the echo, but does not change during a DEER mea-
surement with constant 1. For 1'=0, the dipolar interaction between A and B spins
is refocused, but as 1’ increases from 0 to 7, the dipolar interaction suddenly shifts
the EPR frequency of the A spins, causing abrupt ‘instantaneous’ spectral diffusion.

V (0) =V (T, 7)V, (1)
(@) = (Vi (1157)) (V2 (1) (16.53)
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Virtually every analysis of DEER data is based on the ability to factor the dipolar
response, and its averages, from all other effects, Eq. (16.53). The dipolar interac-
tion impacts the signal only during 7', as V bip> while the intrinsic decay V;  is totally
independent of dipolar interactions and occurs only during . The echo intensity for
an A spin interacting with several B spins is related to V oirn of Eq. (16.31).

Vi (V)= T 1V i, (7)) (16.54)

i

The same averaging in Eqs. (16.33-16.39) for instantaneous diffusion applies as
long as V,  does not depend on dipolar interactions and Eq. (16.53) holds. There is
a four-pulse variant of DEER, Fig. 16.3d, that overcomes practical problems when
two microwave pulses overlap at t'=0 [99].

This simple model provides an easily-understood picture of how DEER works
and why distance distributions can be derived from it. Unfortunately this simple
model often does not correspond to the actual experiment. The detection pulses
typically excite B spins and the pump pulse excites A spins. These possibilities
have long been recognized in ‘2+ 1’ measurements [46, 47] where the pump and
detection pulses have the same frequency, but have just been considered in detail for
three-pulse DEER [52] and remain to be dealt with in four-pulse DEER.

When the second detection pulse at ®, excites B spins, the DEER response de-
pends not just on cos(Dt’), but also on cos(Dt) and cos(D(t—1')) [52]. This last
term is significant only when the B spin is excited by pulses at both frequencies.
This term may be neglected under normal conditions when the difference of the two
mw frequencies is large compared to the mw field strength. Then the cos(Dt') term
may be recovered as cos(D1")=[V(t")—V(0)])/[V(0)—V(0)]. In general, even if T is
constant during a measurement, the DEER signal cannot be separated, as implied
in Eq. (16.53), into a ¥, term independent of dipolar couplings and a Vi, term
depending only on dipolar-driven spectral diffusion during t'. A partial solution to
this problem lies in the careful selection of pump and detection parameters [100]
or having p, and p,<<1 for A and B spins for both ®, and ®;. However, unless
Wr<<1, B spin relaxation and flip-flops still prevent the clean separation of terms
in Eq. (16.53) [52].

16.5.1.1 Uniform Distribution

Equation (16.53) applies in the limit of W~0 and with selective pump and detec-
tion pulses that only excite the desired PCs, and the DEER signal in Eq. (16.54)
has the same form as Eq. (16.34) for instantaneous diffusion if 7 is replaced by 7'.
Equation (16.54) allows the DEER decay to be broken into products of decays from
conveniently chosen sets of PCs. The distinction often made for instantaneous dif-
fusion studies is quite appropriate: a background decay from a uniform distribution
of B spins belonging to different spurs or tracks and a decay from B spins within
the same spur or track. The uniform distribution of B spins produces an exponential
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decay in Eq. (16.35). The decay rate is proportional to p, and can be made arbi-
trarily slow, but the DEER signal decays smoothly to zero.

The DEER decay is derived from averages of cos(Dt’') which is symmetrical
around t'=0. The decay in a four-pulse DEER from a uniform distribution is also
symmetric and should have a peak with a sharp corner at T'=0. Any departure from
a uniform distribution at short distances caused by excluded volume [101], recom-
bination or tunneling will round off this peak and make it smoother, but still sym-
metric. This part of the decay can be experimentally measured with DEER but it is
lost in the deadtime in spin echo measurements. DEER has much smaller deadtime
because the pump pulse can be placed adjacent to the detection pulses in three-pulse
DEER for a deadtime of approximately the pulsewidth, while four-pulse DEER lacks
even this restriction. The smallest values of ' provide data on the largest dipolar in-
teractions and the shortest PC separation distances. A number of reviews consider
the DEER decay from free radicals distributed uniformly in various dimensions [13,
49, 98] which may be relevant to damage at surfaces or to extended polymers.

16.5.1.2 Within the Track or Spur

The decay from PCs within the same spur or track is given by the same averages
as for<V,,>, Egs. (16.38 and 16.39), which require p, and p,<<1. An important
advantage of DEER relative to instantaneous diffusion measurements is the lack of
deadtime which can reveal the initial decay in Eq. (16.39) that is important for de-
termining the number of PCs in the spur and the dipolar second moment. This is the
same distance range where the uniform distribution assumption fails. Fortunately it
is possible to disentangle them because the intra-spur or track contributions to the
DEER decay are independent of dose while the contribution from PCs in different
spurs or tracks depends linearly with dose, at least initially.

DEER has been applied to the determination of PC cluster sizes and spatial
distributions in several areas including radiation chemistry, structural biology and
polymers. A critical examination of both abilities was made using a series of bi-, tri-,
and tetra-radicals by Bode et al. [101]. Counting the number of PCs in a cluster rests
on the difference in DEER decay for a finite cluster versus a uniform distribution.
The cluster has a decay rate that is not linear with p, and the DEER intensity for
small p, reaches a non-zero limiting value at long 7' [13, 102]. Bode etal. [101] suc-
cessfully counted the number of radicals when only a single compound was present.
In mixtures of mono- through tetra-radicals, average numbers of spins per radical
were obtained for DEER data with high signal to noise ratios.

In multi-radicals, each pair of spins produces DEER modulation and the distance
between spins can be determined at low p,. The relative amplitudes for different
inter-spin distances did not match the structure of the multi-radicals [101] and was
ascribed, in part, to the use of analysis software designed only for pairs of PCs. This
study has some relevance to measurement of f _ for systems with more than pairs of
PCs and it does support an earlier measurement of multiple inter-spin distances by
Bowman et al. [103] in end-to-end stacks of spin-labelled RNA duplexes.



620 M. K. Bowman et al.

16.5.2 DQC

Double Quantum Coherence spectroscopy or DQC [104, 105] uses a double quan-
tum filter to ensure that only the dipolar evolution of PCs is measured. In its usual
implementation, DQC uses a single microwave frequency and requires the PCs to
have relatively narrow EPR spectra. One advantage relative to DEER is that there is
no signal background from isolated PCs, which have no double quantum coherence.
DQC works well with pairs of PCs, but larger clusters would appear to produce
responses with sums and differences of dipolar interactions. These combinations of
dipolar interactions are suppressed in instantaneous diffusion and DEER measure-
ments in the p,<<1 limit, but this remedy does not seem to be practical in DQC.
However, development of rigorous filtering and rejection of higher-order coher-
ences may make such techniques applicable beyond the realm of pairs of PCs.

16.5.3 Experimental Studies

One of the first applications of DEER was the study of semiquinone radical—deu-
terium atom pairs formed by photolysis of hydroquinone in frozen solutions of
deuterated sulfuric acid [106]. The deuterium atom was rapidly thermalized and
trapped in close proximity to the semiquinone radical. Strong DEER signals indi-
cated pairs of PCs relatively isolated from each other. The fp . was extracted from
this data in the original paper [106] and later by a more exact procedure [107]. The
j; . in both analyses has a peak near 4 nm with a shoulder between 6 and 9 nm before
tailing to zero at long distances. The fpc falls sharply to zero at distances less than
about 1.5 nm.

Kurshev et al. [46] used the 2+ 1” sequence (DEER with only one microwave
frequency) to determine the distribution of pairs of hydroxyalkyl radicals produced
by photolysis of frozen acidic solutions of deuterated alcohols. They obtained good
fits to the data for a f[‘) . proportional to exp[—(#/r,)°] for a set of alcohols with 1-4
carbons. The value of 7, ranged from 6.5 to 7.2 nm across these alcohols. This j; .18
roughly a uniform distribution to »_ where it drops to zero. The r, determined by the
‘241’ sequence are 0.6—1.3 nm larger than those measured in y-irradiated protiated
alcohols by Ichikawa et al. [90] using a cross relaxation method. It is significant that
both sets of data were fit with the same functional form of fpc. This relatively flat
jj, . seems consistent with the uniform distributions found in instantaneous diffusion
measurements where the decays were primarily caused by PCs at distances shorter
than r_.

DEER was used by Bowman et al. [108] to probe the spatial distribution of PCs
in DNA irradiated at 77 K to doses of 1.7-50 kGy by heavy-ion beams of 100 MeV
per nucleon “°Ar ions having an LET of 300-400 keV/um. These ions produce
dense tracks of damage in their wake with extensive recombination of PCs. At these
doses, the tracks are well separated from each other and the samples had super-
imposable DEER spectra. Smoothly-decaying DEER spectra were measured over
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a range of p, that varied by a factor of 12. At the smaller values of py, the signal
intensity reached an asymptotic value that allowed determination of the number
N of PCs contributing to the DEER decay. The rate at which it approached the
asymptote gave the local concentration of those PCs. Unfortunately, p, was in-
correctly calculated and is underestimated, leading to an overestimation of N and
local concentration. This error is partly offset when the track radius is calculated.
A global fit of all samples and data reported N~18, C, ~13.5x10" PC cm™ and
a track radius of 6.8 nm. These numbers were consistent with the known LET and
radiation chemical yield.

Marrale et al. [109] extended the instantaneous diffusion study of irradiated
polycrystalline ammonium tartrate with a study that includes DEER and vy-, neu-
tron- and 19.3 MeV proton-irradiation. A careful examination of k,,, following up
[88] for each radiation type ensured that the DEER reflected spatial distribution of a
single ionization event. This appears to be the first case reported of DEER decays in
irradiated materials showing pronounced modulation that was not traced to nuclear
modulation (ESEEM) artifacts [98]. The resolved modulation was assigned to radi-
cals being trapped at the sites of molecules within the crystal structure. Unfortu-
nately, these remarkable DEER spectra were not shown. The j;c extracted from the
DEER data lies almost entirely between 2.0 and 5.5 nm with ripples corresponding
to translations of the unit cell. This distribution was reproduced very closely by de-
tailed simulations incorporating the crystal structure and anisotropic recombination.
The observed and simulated differences in PC distribution with different types of
radiation were suggested as providing a way to determine LET of unknown radia-
tion by using the ammonium tartrate dosimeter.

16.6 Future Prospects

The main advantage of pulsed EPR is the removal of the inhomogeneous broad-
ening of EPR lines and the removal of decay not caused by dipolar interactions.
This reveals the dipolar width and, therefore, opens new possibilities to detect non-
uniform spatial distribution of PCs in radical tracks and spurs. The two-pulse ESE
is the simplest and most direct experimental approach to these problems but DEER
holds greater potential.

The two-pulse spin echo spectroscopy has its limitations. In analyzing ESE data
in order to get dipolar broadening, it is necessary to subtract the other relaxations
and spin dynamics effects that appear in the two-pulse echo decay, such as spec-
tral diffusion, nuclear-spin diffusion and ESEEM. This is not a simple task as one
pushes sensitivity to probe large structures. DEER provides a much cleaner signal
free from many of the competing decays, but at the price of a significant loss of sen-
sitivity. Fortunately sensitivity continually increases as a result of advances in mi-
crowave and magnet technology coupled with digital control and data acquisition.
Many of these advances are now being driven by the use of DEER in structural bi-
ology where spectacular sensitivity has been achieved with high-field pulsed EPR.
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Currently, the theoretical basis to extract spatial distributions from DEER has
significant gaps, particularly for treating the higher-order correlations needed in
spectral diffusion of ‘7,’-samples and for extracting fp . when there is more than
a single pair of PCs involved. But both issues affect the application of DEER in
fields beyond radiation chemistry. Likewise, the spatial distribution of PCs is often
correlated with the spatial inhomogeneity of the sample and may be a major oppor-
tunity for new applications of pulsed EPR studies. The interaction of plasmas with
surfaces and nanomaterials; radiation chemistry at interfaces; and the distribution
of electrons and holes in nanoparticles used for energy conversion provide new
challenges and opportunities that can be addressed by well-designed EPR studies.
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