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Abstract

Applicability of continuous wave multiquantum EPR methods to study relaxation times at X-band is examined. Multiquantum
transitions excited in a two-level system by tetrachromatic irradiation are used for these studies. The Bloch equation model is ap-
plied to simulate lineshapes of the three quantum transitions as a function of frequency difference between exciting fields. The de-
pendence of multiquantum transition signals on relaxation times and microwave amplitude is shown. On this basis a method of
deducing relaxation times from these signals is formulated. The case of a homogeneously and inhomogeneously broadened reso-
nance line is considered. Two experimental methods are used to verify the proposed hypothesis: the X-band continuous wave mul-
tiquantum EPR with four frequencies microwave field and saturation recovery EPR. The values of T} obtained from CW MQ EPR

and SR EPR are compared.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Electron paramagnetic resonance (EPR) techniques
are widely used as a spectroscopic tool for obtaining in-
formation about molecular mobility. Within that area of
research experiments aimed at the study of relaxation
phenomena driving the magnetization to the thermal
equilibrium are developed. Advantages of such an ap-
proach are pronounced if only the problem of connec-
tion between observed electron spin-lattice relaxation
rates and molecular dynamics is solved. Applications
of EPR spectroscopy grow extensively in the field of
structural and dynamical investigations of biological
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systems [1]. Specially the development of site-directed
spin labeling [2] has created the need for methods of re-
trieving information from EPR signals.

The consciousness of difficulties in finding direct de-
pendence upon the rotational correlation time, and elu-
cidating the underlying mechanism of molecular
dynamics has accompanied the development of the
T1—sensitive EPR techniques [3,4]. Recently a model
explaining electron relaxation mechanism of 7' of nitr-
oxides in liquids for viscosities covering eight orders of
magnitude has been proposed [5]. The range of motional
effects investigated using EPR methods has been extend-
ed due to direct dependence of T; upon the rotational
correlation time, observed when the motion of the para-
magnetic species slows down [6-8]. The exchange and
dipolar interactions are other mechanisms that can mod-
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ify the electron spin-lattice relaxation rates. Measure-
ments of 7T found applications in oximetry [9], studies
of spin label accessibility to other paramagnetic species
[10] or measurements of inter-spin distances [11].

To determine the value of electron spin—lattice relax-
ation the continuous wave and pulsed EPR techniques
have been used [12-15]. Using time domain EPR
methods—saturation recovery or pulsed ELDOR (elec-
tron—electron double resonance) [3]—one can directly
estimate 7. The multicomponent nature of the observed
signals can cause serious problems in analysis of the da-
ta. Separation of the existing decay rates is possible by
performing SR and ELDOR experiments, and then
pooling acquired data [16]. After such a ‘signal decom-
position” procedure one can find that the true electronic
spin lattice relaxation time, 7., determines the decay of
one component, whereas other components contained in
the experimental signal result from the nuclear relaxa-
tion or other mechanisms of spectral diffusion. The de-
tailed study of an electron spin lattice relaxation
reveals its multicomponent character as an inherent fea-
ture [17]. At a given temperature an energy transfer form
the spin system to the bath is realized via different mech-
anisms (e.g., the Raman process, spin—orbit coupling,
thermally activated motions). Their simultaneous con-
tribution brings about many-exponential time-depen-
dence of the observed signal [18]. The single
exponential saturation recovery signal occurs only when
a single process dominates relaxation.

Determination of the relaxation times from CW ex-
periments is indirect and complicated by the inhomoge-
neous spectral broadening. Using the conventional,
progressive saturation EPR [8,13] methods, the product
(T, T>)"! is obtained and an additional effort has to be
made for an estimation of the correct T, value, especially
in case of complicated, non-Lorentzian EPR lineshapes.
There have been recently developed procedures of ex-
traction of 7' from progressive saturation EPR curves
for spin labels spectra [8,13]. In another approach analy-
sis of the first harmonic out-of-phase absorption EPR
signal allowed for determining 7;-enhancements [19].

Within continuous wave EPR methods only signals
generated by nonlinear effects demonstrate enhanced
sensitivity to spin-lattice relaxation. A nonlinear re-
sponse of a spin system to an applied external modula-
tion (static magnetic field modulation, or microwave
field modulation) is crucial for retrieving relaxation in-
formation from the continuous wave EPR experiment.
Complete theoretical description of that physical situa-
tion is complicated because: (1) an external radiation
field is not monochromatic, (2) coupling of the spin sys-
tem to the “thermal bath” must be included explicitly,
and (3) in many cases multi-level instead of the simplest
two-level spin system must be considered. The real, un-
avoidable hindrance appears in calculations (either ana-
lytical or numerical) due to coupling between harmonics

of the signal, in the presence of the relaxation mecha-
nisms. Different formalisms can be applied to describe
interaction between a spin ensemble and an external
polychromatic field: second quantization formalism
[20], density matrix equations [21], and modified Bloch
equations [22]. In many cases introduction of relaxation
via phenomenological constants 7 and 75 is sufficient
but sometimes a full stochastic description of the relax-
ation mechanisms is required. Recently developed gener-
al theory of the nonlinear response of a multi-level spin
system subjected to external fields [23] has brought some
conclusions adequate to X-band EPR domain. It has
been shown that a signal observed as a nonlinear re-
sponse of a spin system subjected to weak multiple irra-
diation explicitly depends on Tj.

The case of nitroxide spin labels must be considered as
a system with spin S = 1/2 coupled to a nucleus with I = 1.
At X-band we observe that: (1) hyperfine splitting con-
stant w; is much less than Larmor frequency wg and (2)
occurs “time scale separation” between the longitudinal
relaxation and microscopic correlation time 7. of interac-
tions relaxing the magnetization. Under these assump-
tions the single exponential decay of a longitudinal
magnetization can be expected in that system [24]. The
time constant, 77, is ascribed to true, intrinsic electronic
relaxation time. The most interesting aspect of the exper-
iment with bichromatic microwave irradiation (at w; and
) 1s a measurement of the EPR signal amplitude as a
function of the frequency difference w; — w,. The theory
[23] supports the conclusion that in this case true electron-
ic T can be obtained, contrary to progressive saturation
or saturation transfer methods yielding the value of 7' ef-
fective. The experimental verification of this statement
has been carried out by Cianflone et al. [14].

Multiquantum EPR spectroscopy is thoroughly de-
voted to observation of essentially nonlinear, intermod-
ulation signals, and retrieving from them information
about an investigated system. Methods belonging to
that branch use polychromatic microwave field to irradi-
ate the investigated system, whereas no static magnetic
field modulation is necessary for detection. An outcom-
ing overall EPR signal is composed of many intermodu-
lation sidebands due to multiquantum transitions taking
place in the irradiated spin system. Its frequency spec-
trum contains not only introduced components but ad-
ditional ones, resulting from mixing of the incident
fields by the spin system A sideband ascribed to a chosen
n-quantum process is then selectively detected by setting
the proper frequency of the reference field. In particular,
double frequency [25,26] and four frequency [27] micro-
wave irradiation (at X-band) was used to excite multiple
quantum transition. The properties of that “quantum
mixer,” especially relaxation rates, determine the ampli-
tude and shape of the recorded spectrum. It is known
that at low incident power the amplitudes of 3 and 5
quantum processes are proportional to 7' [28]. Analysis
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of the multiquantum signal amplitude as a function of
the frequency difference between the incident microwave
fields gives information about the relaxation times. It
has been demonstrated that longitudinally detected
EPR signal (LODESR), observed in the system irradiat-
ed by a bichromatic microwave field, has a width equal
to (T})"" and is not affected by the inhomogeneity [14].
The signals detected in a transversal plane also show
sensitivity to the longitudinal relaxation time [15,28].
They are especially convenient to monitor relative
changes in T [29].

The aim of the present work is to develop and exam-
ine an integrated method of deducing relaxation times
values from multiquantum EPR transitions. We exam-
ine the T-dependence of the three quantum EPR sig-
nals, observed experimentally in a two-level system
excited with a four frequency microwave irradiation.

2. Theory

2.1. Intermodulation observed upon tetrachromatic irra-
diation of the spin system

Generation of multiquantum (MQ) transitions under
EPR conditions can take place in a spin system irradiated
with polychromatic electromagnetic field. Application
of continuous polychromatic irradiation (at X-band)
has brought unique effects within EPR spectroscopy
[25,30], due to the advantageous relation between para-
magnetic relaxation rates and frequency difference of the
exciting fields. An observed signal is composed of many
intermodulation components occuring at different fre-
quencies, which arise from the multiquantum transitions
[28]. A classical model of resonance, based on the mod-
ified Bloch equations, is of practical value to describe
these nonlinear effects [31]. In a real experiment a chosen
multiquantum signal can be detected selectively, as a
function of the swept magnetic field and a pure absorp-
tion or dispersion line can be recorded. In case of negli-
gible saturation the amplitude of the three quantum
transition (3QT) is proportional to 77 [28,29]. In general
the half-width of the curve representing absolute
amplitudes of the 3QT CW EPR spectra vs frequency
difference of the microwave fields is affected by the relax-
ation rates of the sample as well as by the saturation
factor [31].

In experiments reported here continuous wave, four-
frequency microwave irradiation is used to excite mul-
tiphoton transition in a two-level system [27]. The four
components of the incident field (with frequency w;

and amplitude B;) fulfill the following conditions:
w1,4:wcj:(Q+5); w2,3:wC:I:Q; (1)

0/2 < Q < Awy, (2)

where w/(i = 1,...,4)—the frequencies of the irradiating
fields; wc—the microwave carrier frequency; and
Awg—halfwidth of the resonance line.

The components of the tetrachromatic microwave
field are placed symmetrically with respect to the carrier
frequency and create two pairs: (@, @,) and (w3, ®y).
Separation between pairs (which is equal to 2€Q) is great-
er than the difference within the pair (9).

The chosen frequencies are close to the resonance:
Q<10%wg and Q,0< T 1’; (wo denotes the resonance
frequency). All four fields have equal amplitudes:
B; = B;. The response of a two-level system to such an
irradiation has been explained on the ground of Many
Mode Floquet Theory [27].

The signal emitted from the system contains the inter-
modulation sidebands at frequencies:

Wipr; = Wc £ kQ £ 15(]( > O,I = 0) (3)

If k = 1 we call the signals as “close” sidebands; all others
we call “far.” A given component results from a multiph-
oton process that engages the photons from the four
fields [27]. The analytical formulas describing these sig-
nals, taking into account relaxation and nonnegligible
saturation, cannot be found on the ground of quantum
mechanics. To simulate a spin system response to tetra-
chromatic excitation we have employed previously devel-
oped [31] computational procedure of solving modified
Bloch equations (BE) with two-frequency irradiation.
An introduction of the second pair of exciting fields re-
quired only a trivial modification of the matrix contain-
ing coefficients of the BE. The applied Gear’s algorithm
[32] enables very high efficiency in solving that set of lin-
ear differential equations with periodic coefficients, even
when the values of T} and T, make them “stiff.”

2.2. Determination of T; from multiquantum signals

The model based on the classical Bloch equations,
where the four frequency alternating field is incorporat-
ed, has appeared to be a very effective tool in a qualitative
and semi-quantitative analysis of a considered phenome-
non. The intermodulation sidebands created in a two-le-
vel system excited with four frequency microwave fields
exhibit more complicated frequency pattern than in case
of bichromatic perturbation. Fig. 1 shows the magnitude
frequency spectrum of the overall signal, composed of
many sidebands. The frequency pattern of the incident
exciting field is shown on the lower diagram. We confine
our attention to signals appearing at frequencies:

and
wo + (3Q+ ), wo £ (32 + 20). (5)

All of them originate from three photon processes
[27]. The sidebands surrounding incident fields (Eq.
(4)) are, as defined above, “close” three quantum transi-
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Fig. 1. The frequency spectrum of the simulated signal excited in the
two level system subjected to the tetrachromatic irradiation. Param-
eters for simulations are: 7, =1ps, 7,=0.4ps, B; =0.04G,
Q =100kHz, and 6 = 25kHz. The lower diagram shows the pattern
of the incident field. The carrier frequency of the microwave field is
equal to the resonance frequency. “Close” 3QT transitions appear at
75 and 150kHz; “far” 3QT are at 325 and 350kHz.

tions (3QT) and this part of the frequency spectrum
(Fig. 1) resembles the picture known from the two-fre-
quency CW MQ experiment [25]. The distant group of
sidebands appears in the four-frequency experiment
and represents “far”” 3QT (Eq. (5)). The previously re-
ported experiments [27] demonstrated the same satura-
tion characteristics and sensitivity to changes of 7} for
“close” and “far” signals ascribed to 3QT.

The purpose of the performed simulations is to inves-
tigate the dependence of the selected sideband amplitude
on Ty, Ty, 6, Q, and By. The resonance line for a partic-
ular sideband is obtained sweeping the static magnetic
field, whereas Q and ¢ are kept constant. Simulated ab-
sorption and dispersion spectra for both “close” and
“far” sidebands exhibit inherent phase change when Q
increases, which reproduces features observed experi-
mentally. Studying the dependence of “close” and
“far” sidebands amplitude (at the center of the line:
wc = mg) on the frequency difference Q seems to be the
most promising for practical applications. A lineshape
of a multiquantum signal is affected not only by that
“inherent phase changes” but also by an undefined
change of the microwave phase. In order to preserve
the complete information about the spin system re-
sponse to the polychromatic excitation, in phase and
out-of-phase signals must be recorded. As Q increases
to the values comparable to T, the out-of-phase part
of the signal becomes significant. Unambiguous analysis
of the signal dependence on increasing €2 is possible if its
absolute magnitude, independent of the phase, is taken.
That difficulty has already appeared in experiments with

bichromatic excitation [31], where also phase sensitive
signal detection is applied.

Fig. 2 shows simulated Q-dependencies of the abso-
lute amplitude for “close” and “far” intermodulation
sidebands, related to three quantum transitions. The in-
fluence of the ¢ value on the shape of the profile
| S301(2, B)|5_ons 18 negligible provided that é < Q
and 6 < (2n T;") (in practice 6 = 5kHz is sufficient to
fulfill both conditions). In general the half-width, 4,
of the “frequency sweep” characteristics is always great-
er for “close” sidebands and also depends on the inci-
dent microwave power. The parameter A4, is a
function of T4, T», and B;.

The first observation resulting from the simulation is
that 4y, is determined mainly by T 2’1 for “close’ side-
bands and 7! for “far” sidebands, but does not reflect
directly relaxation rates. The saturation characteristics
of the “close’ and ““far” 3QT are identical, as it has been
shown previously [27]. How to explain the different
Q-dependent characteristics? The physics of inter-
modulation sidebands generation enforces the following
condition: (w; —wy) < T 1-1’ where ;; denote the fre-
quencies of the polychromatic irradiation applied to
the spin system. In case of a tetrachromatic microwave
field we have |wy—w;] =2Q and |0 — wy| = |3 — w4] =
0. The close sidebands occur at frequencies =+ (Q=15)
[27] (the reference frame is rotating at the resonance
frequency) and result from mixing between closely
spaced components within pairs w; and w, or w3 and
4. The value of d is chosen to be small (a few kHz)
and kept constant, so condition: § < 77" is always ful-
filled. As Q increases up to the homogeneous packet
linewidth (2 ~ T,'), the resonance condition breaks
down and practically the system does not interact with
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Fig. 2. The simulated traces of |S;qr(Q)for T;=0.35 and
T>=0.20ps. For all simulations parameter 6 was kept constant
(5kHz). A single point represents a calculated amplitude of a
multiquantum signal at a given value of Q. Values obtained for a
series of Q create a profile drawn as a solid line. Normalized profiles
for three quantum transitions “close” and “far” are shown. Amplitude
of exciting fields is equivalent to microwave power 0.016mW. From
such a display the parameter 4, is read (for ‘“close” and “far”
signals).
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the irradiation. Contrary to this, the appearance of
“far” intermodulation sidebands involves mixing distant
components of the field (e.g., 1, 2, and 3 or 1, 3, and 4,
etc.) The amplitude of 3QT “far” is significant only if
Q < T;' holds true.

The half-width 4, of the Q-dependent characteris-
tics of 3QT transitions is affected by the saturation fac-
tor, not known a priori. For that reason 4;,, cannot be
related directly to the relaxation rates. An example of a
dependence of 4, on Bf (obtained from the simula-
tions) is shown in Fig. 3. To eliminate the contribution
from microwave power we extrapolate that function to
the value B} = 0 and define the parameter:

Ay = limg_o41)2(T, T2, BY). (6)

The systematic simulations have been carried out to cov-
er the extensive space of parameters 77 and 75, taking
into account also their ratio 7/T,. We have compared
the parameters 455 and AF*® extracted after compu-
tations with relaxation rates introduced initially. Figs.
4A and B show, respectively, the values of the products:
2nAFAR - T and 2rAS™OE . T,, which are constant over
a wide range of T'/T,. Table 1 contains proposed formu-
las which relate parameters A5"%5F, AF*®  and relaxation
times. The presented procedure of estimating 7 from
AOFAR gives better accuracy for greater ratio 7'/T5. If re-
laxation times become comparable (7,/T> < 2), the de-
cay of an amplitude of 3QT “FAR” as Q increases,
results from both longitudinal and transversal mecha-
nisms. A proposed formula 7) =3 —xx working in
this region gives accuracy up to 30%. Simulations
showed that the ratio y = A9 /AR allows for a pri-
ori discrimination between cases 77 > T> and Ty = T5. If
T, > T,, 3QT “far” signals decay is dominated first by
the longitudinal relaxation. Its value can be obtained
from the equation T = mﬁ , with an error less than
10%. The bigger error is for T = 3T, when the ambigu-
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Fig. 3. The dependence of parameter A% and A7 on Bi.
Numerical simulations were carried out for 77 = 3ps and 75> = 0.4 ps.
The extrapolation to B} = 0 gives the value of 4 (the linear function is
fitted to the points representing the values of AIF/AZR and A?/IEOSE
calculated for consecutive By).
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Fig. 4. (A) The dependence of the product 2nAgAR - Ty on the ratio T/
T. The parameter 45*® has been extracted from the simulated traces
[S301(22,By)|of 3QT “far” signals (see Eq. (6)) for several sets of initial
parameters (7,75). The product: 2nA§AR - T, (its value marked by a
symbol) is approximately equal to 1 for 7, > T, and equal to 0.5 for
Ty = T> (values 2r4™® - Ty = 12n45*% - T} = 0.5 are marked as dot-
ted lines). (B) The dependence of the product 2TrA0CLOSE -T, on the
ratio of T/T,. The parameter ASLOSE has been extracted from the
simulated traces |S3or(2,B1)|of 3QT “close” signals (see Eq. (6)) for
several sets of initial parameters (7,75). The product: 2rnAS%E . T,
(represented by a symbol) is constant and approximately equal to 0.5
over wide range of parameters 77 and 75. (y = ZRAOCLOSE - T, is marked
as a dotted line).

Table 1
Formulas proposed to relate the parameters 4, = 4, /Z(B% — 0) with
relaxation times

A() Tl ~ Tz Tl > Tz
{FAR 1 1

0 T T
|CLOSE ! i

0 4nT, 4nT,

AEAR denotes parameter Ag—approximated half-width of the profile
[S3or(Q)]in the limit B? — 0 obtained for 3QT “far” signals; and
similarly AgLOSE—obtained for 3QT “close” signals.

ity of choosing the proper formula is the highest. Basing
on the results shown in Fig. 4B the following formula
for extracting 7> can be proposed: T, =3 - -—iroe - It
gives correct values of T, (within 10% error) ovér whole
range ofthe ratio 7,/T5, but only for homogeneous sys-
tem.

To make model more realistic we include the effect of
inhomogeneous broadening into our simulations. The

profiles | S3o1(€2, BY)|5_.onq Were computed assuming dif-
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Fig. 5. The dependence of the parameter A4, on the width of an
inhomogeneous packet. The parameters AUCLOSE and Af AR (represented
by squares and triangles) are computed for the system with relaxation
times: 77 =3ps and 7,=0.35ps and increasing width of an inhomo-
geneous packet, o. The horizontal lines mark values: 4y = 1/4nT, and
Ao = 12nT,. ASAR is not influenced by inhomogeneity of the spin
system. AS™O5E is affected by the o (points A5-SF and a line 4y = ¢ are
shown).

ferent values of the inhomogeneous packet width . The
parameters 4{"® and AS"5F were extracted from them.
The first conclusion from simulation is that formula
ASOSE o~ 1 /4nT, fails in case of inhomogeneous system
and is a function of ¢, which follows intuition. Much
more interesting result is that parameter A5*® still rea-
sonably well reproduces the longitudinal relaxation rate
and does not depend on ¢ (Fig. 5). The conclusion is
that in case of long longitudinal relaxation rates
(T, > T,) the parameter A§AR directly reflects T, re-
gardless of inhomogeneity of the system.

3. Experimental results
3.1. Experimental procedure

Experimental studies were carried out on a multipur-
pose, home assembled EPR X-band spectrometer, capa-
ble of performing standard CW EPR, pulsed saturation
recovery EPR and multiquantum EPR measurements
[27]. Detailed description of a microwave bridge can
be found in [27]. The samples were placed in a 1 mm
loop-gap resonator [33]. Q (loaded) for the empty reso-
nator was equal to 360 (frequency 9.3446 GHz). For
comparison Q measured for the resonator with TPX
water-filled capillary was 221. In the experiments report-
ed here the critical coupling of the resonator was as-
sured.

Three quantum EPR signals (in absorption and dis-
persion mode) were recorded in two channels (in phase
and 90° out of phase with respect to the low frequency
reference) for fixed value of frequency separation ¢
and for several values of Q. The values of Q varied in
the range from tens of kHz up to SMHz; § was not
greater than 10kHz. The measurements were carried

out for several values of microwave power irradiating
the samples. The equal amplitudes of all four compo-
nents of a microwave field were assured. On the same
samples the measurements of saturation recovery EPR
were carried out [34]. The experimental decay curves
were obtained using optimal pump and observing
pulses.

3.2. Samples

The liquid samples of paramagnetic species: an aque-
ous solution of the spin label TEMPONE; aqueous so-
lution of TEMPOL in 80% glycerol and aqueous
solution of Fremy’s salt (PADS) were used. The solution
of PADS (Sigma Chemical) was freshly prepared from
solid and buffered with 50 mM K,COj; in order to reduce
the rate of decomposition. Sample concentrations were
I mM. The liquid samples were placed in a TPX capil-
lary and equilibrated with flowing nitrogen during the
measurements. Temperature was set at +21°C. Addi-
tionally measurements of lmM TEMPOL in glycerol-
water mixture were carried out at +10°C.

3.3. Results and discussion

Experiments were carried out using two methods:
CW MQ EPR method with four-frequency microwave
field and long pulse saturation recovery EPR. The traces
| S301(2, BY)|5_cons Were measured for each type of sam-
ple. As an example the series of such profiles for several
values of B} is shown in Fig. 6. Following the procedure
described in Section 2.2 the parameter 45** was deter-
mined, then the value of 7'} was calculated from it. Inde-
pendently the measurements of saturation recovery EPR
signals on those samples gave directly the values of T7.
These results are summarized in Table 2, where relaxa-

RELATIVE INTENSITY

0-0 T l'llll L L] L] llllll
100 1000

Q [kHz]

Fig. 6. The measured dependence of 3QT “far” magnitude on the
frequency difference Q2. The sample was 1mM PADS in the nitrogen
atmosphere. The traces were recorded for decreasing level of micro-
wave power. The microwave amplitude B; is calculated from the
relation: By = Ay/P; P—microwave power in Watts, A—conversion
efficiency of the loop-gap resonator, here is equal to 5. The value of 0
was equal to SkHz and kept constant.
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Table 2
Spin-lattice relaxation time 7; obtained from CW multiquantum EPR
method and saturation recovery EPR

Sample MQ (us) SR (ps) Case
PADS* 048+0.10 038%£0.02 T\=7,
TEMPONE® 0.69+0.10 057003 T,>T,
TEMPOL in glyc. +21°C 2.2+0.30 23+0.12 T\ >T,
TEMPOL in glyc. +10°C  3.45%0.50 33016 T\ >T1,

Measurements were carried out for different paramagnetic species:
1 mM aqueous solution of PADS at +21°C, 1 mM aqueous solution of
TEMPONE at +21°C, ImM aqueous solution of TEMPOL in 80%
glycerol at +21°C and at +10°C.

& Ty of 0.9mM water solution of PADS at +24°C equal to 0.41 ps,
reported in [35].

® T of TEMPONE water solution at +20°C equal to 0.64 s ([35]).

tion times calculated from MQ-EPR experiments are
compared with those obtained from saturation recovery
and literature [35]. Data for the 7; measured for TEM-
POL solution in 80% glycerol at +10 and +20°C to our
knowledge, could not be found in the literature.

Three different systems have been studied: (a) 7| = T»
represented by PADS; (b) 77 = 375 as for TEMPONE in
water (6 =0. 360MHz); (¢) T > 107, represented by
TEMPOL in glycerol (¢ =2.13MHz). There is a good
agreement between values obtained from SR EPR mea-
surements and proposed procedure based on CW MQ
EPR, even for inhomogeneous lines.

Both experimental methods are sensitive to true 77.
Application of a long, saturating pulse in saturation re-
covery EPR (for chosen samples, under conditions de-
fined in Section 3.1) ensures that recovery of the signal
is a single exponential trace. From the other side obser-
vation of multiquantum transitions requires that simul-
taneous transitions at w; and w, between electronic
quantum levels are taking place. That coherence dimin-
ishes and disappears when the frequency difference is too
big compared to (77)"'. The shortest time measured by
SR EPR is about 200 ns. In a multiquantum method one
must shift the frequency difference up to about 1.3MHz
in order to notice the signal reduction. To measure re-
laxation times shorter than 200ns that difference must
grow. It does not complicate the experimental condi-
tions provided that resonators with low Q are used. It
means that even shorter 77’s can be measured. The pro-
posed ‘“multiquantum” method eliminates also the
“phase problem” of the signal (e.g., very accurate setting
of the signal phase is required in a method proposed by
Livshitz et al. [19]).

4. Conclusions

Observation and interpretation of multiquantum
transitions resulting from the interaction of two-level
system with polychromatic irradiation is much easier
with the help of developed model. Its important virtue

is that signals resulting from different schemes of detec-
tion can be studied. Simulation of intermodulation side-
bands gives a great help in choosing the best
arrangement of the experimental observables and under-
standing the consequences of the “phase problems” of
the detected signals. The proposed strategy of determin-
ing relaxation times from three quantum transition sig-
nals allows for omitting problems caused by
uncontrolled change of signal phases. The information
obtained from analysis yields the value of true T,
whereas other CW methods (progressive saturation, ob-
servation of out-of-phase absorption signals) deliver T}
effective. The ratio of the applied modulation (static
magnetic field modulation or microwave field modula-
tion) and 7 of the “mixing” spin system is crucial for
allowing the observation of the nonlinear response to
perturbation. The “multiquantum” method fully ex-
ploits consequences of this fact. In other methods static
magnetic field modulation is set arbitrarily, and for
short longitudinal relaxation times may happen that
(T\w,,) <1, what limits observation of nonlinear effects
of higher order.
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