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In this work we discuss the extension of electron spin-echo
envelope modulation (ESEEM) measurements to the additional

given signal. Such requirements may be mutually exclusiv
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time dimension, the spin-echo coordinate. The time-resolved ac-
quisition of the entire spin-echo signal shape retains information
on the dependence of the ESEEM amplitude on the position
within the ESE signal. Therefore, not only can such acquisition be
completely substituted for the boxcar integration in ESEEM mea-
surements, but it can also improve the performance of the ESEEM
experiments in terms of obtaining correct modulation amplitudes
and a better signal/noise ratio. Implementing such an acquisition
in pulse-adjustable ESEEM measurements transforms these tech-
niques into routine and convenient experiments used to increase
the modulation amplitude. © 2000 Academic Press

Key Words: ESE; ESEEM; SECSY; data acquisition; signal-to-
noise ratio.

INTRODUCTION

There are several approaches to improving performan
electron spin-echo envelope modulation (ESEEM) mea
ments. Some of them, including the reduction of spectrom
dead time and an increase in the spectral coverage of m
wave (mw) pulses, have seen much progress during the
decade, owing to the development of fast mw switches,
nators with high filling and low quality factors, low-noi
amplifiers, etc. (1–4). Improvements in the data acquisit
system also hold a potential to enhance the quality o
ESEEM data. This approach, however, has not been e
sively explored because, until recently, data acquisition
mostly remained in a state of 30 years’ antiquity and was b
on gated boxcar integration.

Because the phase of the ESEEM harmonics varies a
the ESE signal (which fact constitutes the background
spin-echo correlation spectroscopy, SECSY (5, 6)), in a con-
ventional ESEEM experiment, the width of the boxcar g
should be minimized to avoid distortions of the modula
amplitude. At the same time, the gate width should be l
enough to provide a reasonable signal/noise (S/N) ratio for a
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a boxcar, but they can easily be fulfilled if the entire ESE si
shape is digitized and stored in the experiment. However,
recently it was impossible to obtain commercial hardw
namely fast data acquisition (DAQ) boards or digital osc
scopes, with adequate signal processing parameters. The
ing DAQ boards for personal computers suffered from
time resolution and the digital oscilloscopes, while exhibitin
satisfactory time resolution, suffered from a slow data tran
rate to the computer.

The situation started to change about 3 years ago,
Bruker implemented the fast transient signal averager “S
Jet” in their new E580 series of pulsed EPR spectrometers
Gage Applied Sciences, Inc., made the first commercial
MHz DAQ boards for personal computers (PC). Employ
such data acquisition devices adds an extra time dimens
any ESEEM experiment, but does not increase the durati
the experiment because of adequate sampling and retrigg
rates. Appropriate mathematical processing of the acq
ESE shapes yields a modulation amplitude without phase
tortion and an optimizedS/N ratio for a given experiment.

Here we report our first results on optimizing data acq
tion in some ESEEM experiments. We also demonstrate
acquisition of the entire ESE signal in pulse-adjustable
pulse-matching ESEEM experiments (7–9) eliminates a tire
some and time-consuming procedure of searching for the
imal modulation amplitude over the spin-echo coordinate,
simplifying these experiments and transforming them into
tine techniques.

EXPERIMENTAL

In our experiments two samples have been used. The
one was a glassy toluene solution (1 mM) of 2,2,6,6-te
methyl-1-piperidinyloxy (TEMPO) stable free radical obtai
from Aldrich. The second sample wascis,trans-(L-N2S2)
MoVO(SCH2Ph), L-MoV (10), in 1:1 C2Cl2D4:dimethylform-

mide-d7 solution (2 mM). The experiments have been-
formed on homebuilt broadband pulsed EPR spectrom
operating at mw frequencies ranging from 2 to 8 (11) and from

to 18 GHz (12). The measurement temperature was 20
The ESE transients have been recorded with fast D
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resolution, 8 bit amplitude resolution, and.200 MHz band
idth; see www.gage-applied.com for more details). A
very pulse shot, the data recorded in the memory of the
oards were transferred into the PC memory via the PCI
ith these DAQ boards, data transfer rates of up to 15
ere possible. The experiments, however, were perfo
ith a pulse repetition rate of 500 Hz only, which was limi
y the saturation of the TEMPO and L-MoV ESE signals at th

measurement temperature.

RESULTS AND DISCUSSION

Consider an acquisition system with integration of
ESEEM signal in the time windowDt I. The ESEEM signa
V(t) produced by the nonideal mw pulses with optimal n
inal flip angles often has a nearly Gaussian shape,

V~t! 5 V0exp~22t 2/d 2!, [1]

hered is the width of the ESE signal between the maxim
lope points and the time origin is placed in the center o
SE signal.V0 is the amplitude of the ESE signal. If t

integration gate is situated symmetrically with respect to
signal center, the total integrated signal is

VI~Dt I! 5 Îp

2
V0d z erfS Dt I

Î2 d
D . [2]

In a real experiment some amount of noise is superimp
on the signal. The noise contribution into the total integr
proportional toDt I

1/2 (at least, if the maximum frequency in t
noise bandwidth is greater than 1/Dt I). The S/N ratio is thus
proportional to

R~Dt I! }
1

ÎDt I

erfS Dt I

Î2d
D [3]

nd has a maximum atDt I 5 =2 d. This integration interva
optimizes theS/N ratio for the ESE signal. However, as

ave already mentioned in the Introduction, the phase o
SEEM harmonics varies across the ESE signal. Therefor

ntegration gate that optimizes theS/N ratio for the ESE signa
s not necessarily optimal for theS/N ratio with respect to th
SEEM.
The optimization of theS/N ratio without loss of modulatio

mplitude due to phase distortions is most clearly demons
or the primary ESEEM. In the case of complete excitatio
he ESEEM, the primary ESE amplitude is described by
xpression (5)

V~t, t! 5 G~t! z f~t, t!, [4]
r
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ESEEM, and the time variablest andt denote the time interv
between the mw pulses and the time shift from the
maximum (located at timet after the second pulse), resp
tively. Below, the time variablet is referred to as the spin-ec
coordinate.

The ESE signal shape is explicitly expressed as (13)

G~t! 5 E
2`

`

a*1b*1~b*2!
2g~Dv!exp~2iDvt!d~Dv!

ak 5 cosSvNktpk

2 D 2 i cos~wk!sinSvNktpk

2 D ;

bk 5 2i sin~wk!sinSvNktpk

2 D
vNk 5 Îv 1k

2 1 Dv 2; wk 5 atanSv1k

DvD , [5]

wherev 1k is the amplitude of thekth mw pulse andt pk is the
kth pulse duration,Dv is the frequency offset from resonan
andg(Dv) is the shape of the EPR spectrum due to all fac
but the interaction with the nucleus responsible for
ESEEM.

The ESEEM term is given by (5, 6)

f~t, t! 5 S1 1 Î1 2 k

2 D 2

cd9 1 S1 2 Î1 2 k

2 D 2

cs9

1
k

4
@ca1d9 1 ca1s9 1 cb2d9 1 cb1s9

2 cd1d9 2 cs1s9] [6]

or, in a slightly different form,

f~t, t! 5 S1 1 Î1 2 k

2 D 2

cd9 1 S1 2 Î1 2 k

2 D 2

cs9

1
k

4
@2cb9ca1a9 1 2ca9cb1b9 2 cd1d9 2 cs1s9#.

[7]

n Eqs. [6] and [7],c stand for cosine functions and t
ubscriptsa, b, s, d, a9, b9, s9 andd9 denote the arguments

the cosines 2pn at, 2pn bt, 2pn st, 2pn dt, pn at, pn bt,
pn st, andpn dt, respectively (primed arguments correspon
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andb electron spin manifolds are

na 5 ÎTZX
2 1 TZY

2

4
1 Sn I 2

aiso 1 TZZ

2 D 2

;

nb 5 ÎTZX
2 1 TZY

2

4
1 Sn I 1

aiso 1 TZZ

2 D 2

, [8]

wheren I is a nuclear Zeeman frequency,a iso is an isotropic
hyperfine interaction (hfi) constant, andTij are the componen
of the anisotropic hfi tensor.ns 5 na 1 nb andnd 5 na 2 nb

are the sum and difference combination frequencies. The
ulation amplitude factork is (14)

k 5
n I

2~TZX
2 1 TZY

2 !

n a
2n b

2 . [9]

Equations [4]–[7] describe correlated two-dimensional (
oscillations of the primary ESE signal int and t dimensions
The oscillations in thet manifold have the frequencies of t
nuclear transitionsna andnb and their linear combinationsns

and nd. The oscillations alongt have the frequencies of t
PR transitionsDv/2p 6 nd/2 andDv/2p 6 ns/2. If the hfi

substantially exceeds inhomogeneous broadening (e.g.,
gle crystal),g(Dv) in Eq. [5] may be approximated by thed
function, and a 2D Fourier transform (FT) ofV(t, t) results in
a resolved SECSY spectrum,V(n, n9), showing correlation

FIG. 1. (a) The experimental dependence of the primary ESE signal
ont for the glassy toluene solution of TEMPO. (b) Same as (a), but after s
phasing as explained in the text. Experimental conditions:nmw 5 5.483 GHz
B0 5 195.3 mT(corresponding to the maximum of the EPR spectrum),
the mw pulse durations are 30 and 60 ns (providing the nominal flip ang
90° and 180°, respectively).
d-

)

in-

between the nuclear modulation frequencies (n) and the fre
quencies of EPR transitions (n9). Examples of such spectra c

e found elsewhere (5, 6, 15).
For orientationally disordered samples, the characte
idth of g(Dv) usually substantially exceeds hfi parame

and nuclear Zeeman frequency, which results in smeari
the (n, n9) correlation lines alongn9. For a case of weak h
ua iso 1 TZZu , 2n I and, thus,na ' nb ' n I) the (a, s9),

(b, s9), (a, d9), and (b, d9) correlation peaks will be extend
along n9 between 0 ('nd/2) and n I ('ns/2), with a cente
located at (n I, n I/2), and the (s, s9) correlations will be cen-
tered at (2n I, n I).

The described features of the primary ESEEM are d
onstrated using the TEMPO radical in a glassy tolu
solution. The 2D time domain data,V(t, t), are presented

ig. 1a. The ESEEM in Fig. 1a manifests itself as a serie
idges and troughs that are not perpendicular to thet axis

because the phases of the oscillations in thet manifold
linearly depend ont and vice versa (see Eqs. [6] and [7
The 2D FT spectrum of this ESEEM is presented in Fig
It shows two prominent features at frequencies of (8.3,
MHz and (16.6, 8.3) MHz, both of which are extended al
n9. The former peak is assigned to the (a, s9), (b, s9),
(a, d9), and (b, d9) correlations and, in agreement with
above theoretical considerations, is located at (n I , n I /2). The
latter peak is assigned to the (s, s9) correlations and i
located at (2n I , n I). This peak shows a doublet splitti
along then axis, with the lower-frequency component of
doublet associated with the distant matrix protons and
higher-frequency component arising from the methyl
tons of the TEMPO radical (16).

Figure 3a depicts the shape of the primary ESE si

pe
al

d
of

FIG. 2. The (11) quadrant of the 2D amplitude FT spectrum of
ESEEM data shown in Fig. 1a. The horizontal axis (n) corresponds to the F

longt. The vertical axis (n9) corresponds to the FT alongt. Before the FT
alongt, the nonoscillating component (approximated by the smoothing
spline) was subtracted from the ESE decays. No apodization has bee
This is, actually, the SECSY spectrum with removed autocorrelation pe
n 5 0.
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360 ASTASHKIN, KOZLYUK, AND RAITSIMRING
obtained from the data presented in Fig. 1a by integra
overt. Figure 3b shows the cosine FT spectra correspon
o the positions in the ESE signal marked by open circle
ig. 3a. The upper group of traces in Fig. 3b repres
uperimposed spectra of the normalized (by the signal d
long t) ESEEMs with the phases determined by the s

echo coordinatest. One can see that the dependence o
ESEEM phase ont is quite appreciable and makes up ab
p for the n I harmonic and about 2p for the 2n I harmonic in
the range oft presented. Therefore, integration of the E
ignal (Fig. 1a) in broad limits will result in a decrease in
bserved modulation amplitude. In particular, it may pr

mpossible to obtain correct modulation amplitudes for
oxcar gate width optimizing theS/N ratio for the ESE
ignal.
As an example, trace 1 in Fig. 4 shows the ESEEM spec

orresponding to the center of the ESE signal presented in
a and 3a. Trace 2 in the same figure is obtained by integr
f the ESE signal in the limits shown in Fig. 3a by shading
orresponding to the expected optimalS/N ratio (Dt I 5 =2

d ' 100 ns for this ESE signal). One can see that the inte
tion of the ESE signal leads to the decrease in the amplitu

FIG. 3. (a) The shape of the primary ESE signal obtained from the
resented in Fig. 1a by integration overt. The shaded area correspond

heS/N optimal integration limits. (b) Upper group of traces: Superimpo
cosine FT spectra corresponding to the positions in the ESE signal m
by open circles in (a). Lower group of traces: The same, but afte
appropriate linear phase correction. Before the FT, the ESEEM traces
normalized by the ESE signal decay alongt and the nonoscillating com

onent has been subtracted. To suppress the effects due to th
runcation attmax (wheretmax is the maximalt in the data set), the cosi

half-bell window (defined asW(t) 5 1 at t , tmax/2, and W(t) 5
[1-cos(2p(t max 2 t)/tmax)]/2 at tmax/2 # t # tmax) has been applie
Therefore, the resolution of the sum combination line in these spec
noticeably worse than that in the 2D spectrum shown Fig. 2.
n
g

in
ts
ay
-
e
t

e
e
e

m
gs.
on
d

a-
of

integration resulted in about a 20% decrease in the fundam
proton line atn I and in almost a fourfold decrease in the s
combination line at 2n I. In order to show that this decrease
not related to the variations of the ESEEM amplitude acros
ESE signal (which, in principle, is conceivable for the inco
plete excitation of the EPR spectrum by mw pulses), the lo
group of traces in Fig. 3b presents the superimposed spec
the normalized ESEEM (same as the upper group of tr
after linear phase correction. One can see that, apart fro
noise-induced changes, the amplitudes of the lines in
spectra are practically identical; i.e., the modulation ampli
is proportional to the spin-echo amplitude.

Depending on the parameters of the mw pulses use
experiment, the decrease in the ESEEM amplitude ca
by the signal integration can be smaller or greater than
demonstrated in Fig. 4. In general, however, this decrea
unavoidable as long as the detection is performed us
boxcar integrator. For instance, quantitatively the sam
fects will be observed in the X-band primary ESEE
experiment employing mw pulses of about 16 and 32
long.

With the whole ESE shape dependence ont at hand, how
ever, the problem can easily be solved using, e.g., a p
correction achieved by shifting every slice of the experime
2D data at a givent by 2t/ 2 alongt. This procedure com
pletely eliminates the phase dependence of combination
monics ont and considerably reduces the phase variation o

ta

d
ed
e
re

ata

is

FIG. 4. Trace 1: The cosine FT spectrum of the primary ESEEM c
sponding to the center of the ESE signal shown in Figs. 1a and 3a. Trace
cosine FT spectrum of the ESEEM shown in Fig. 1a, integrated withi
limits shown by shading in Fig. 3a. Trace 3: The cosine FT spectrum o
phased ESEEM shown in Fig. 1b, integrated within the limits show
shading in Fig. 3a. Before the FT, the (integrated) ESEEM traces
normalized by the ESE signal decay alongt and a window function has be
applied as described in the legend to Fig. 3b.
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gives

f~t, t! 5 S1 1 Î1 2 k

2 D 2

cd9 1 S1 2 Î1 2 k

2 D 2

cs9

1
k

4
@2cb9ca 1 2ca9cb 2 cd 2 cs#, [10]

here thens and nd harmonics do not contain the pha
dependence ont anymore.

The application of such a phase correction to our ex
imental data is shown in Fig. 1b. One can see that afte
correction the modulation ridges are perpendicular to tt
axis, allowing the integration of the ESEEM over the E
signal almost without loss of the modulation amplitu
Indeed, the amplitudes of the lines in the ESEEM spec
obtained by integration of the phase-corrected ESE sign
theS/N optimal limits (trace 3 in Fig. 4) are similar to tho
n the spectrum obtained by FT of the slice correspondin
he ESE maximum (trace 1 in Fig. 4). At the same time,
oise level in trace 3 is considerably lower than that in t
and is similar to that in trace 2. Thus, the phasing of
SEEMs corresponding to different points of the ESE si
llows one to considerably improve theS/N ratio without
istortion of the line intensities in the primary ESEE
pectra.
Another way to use the ESE shape (if one is not intere

n the phases of the ESEEM harmonics) may be the
ation of the magnitude FTs for everyt slice in optima

limits over the spin-echo coordinate. Such method ma
applied, for example, to the stimulated ESEEM, where
phase dependence on the spin-echo coordinate is more
plicated (5)

f~t, t, T! 5 S1 1 Î1 2 k

2 D 2

cd9 1 S1 2 Î1 2 k

2 D 2

cs9

1
k

4
@cb9ca1a9 1 ~cb9 1 cb1b9!ca1a# 1a9

1 ca9cb1b9 1 ~ca9 1 ca1a9!cb1b# 1b9# [11]

nd cannot be eliminated completely by shifting thet or T
lices by2t/ 2. More sophisticated methods of process
D data (with one of the dimensions being the spin-e
oordinate), based on integral properties of the spin-
ignal, will be discussed in a future publication in conn
ion with the separation of four-pulse and stimula
SEEMs in a hyperfine sublevel correlation (HYSCOR
xperiment.
To conclude this section, we should mention a low-p

ltering of the ESE signal, which is another popular techn
or reducing the noise contribution to the ESEEM. The
uency filtering is equivalent to the convolution of the un
r-
he
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mplitude-frequency characteristic of the filter. For the rec
ular low-pass filter with a cutoff frequency ofnc this function

is sin(nct)/t, and thus

VF~t, t! 5 E
2`

`

V~t, t 1 t̃!
sin nct̃

t̃
dt̃, [12]

whereVF(t, t) is the filtered ESE shape. For the point co-
sponding to the maximum of the ESE signal (t 5 0), the
convolution reduces to the weighted integration over the
shape:

VF~t, 0! 5 E
2`

`

V~t, t̃!
sin nct̃

t̃
dt̃. [13]

The main lobe of the function sin(nct)/t has a half-heigh
width of about 1/(2nc) and the low-pass filtering is thus pra-
tically similar to the use of a boxcar integrator with the eq
alent integration gate width equal to 1/(2nc), which will lead to
a distortion of the modulation amplitude similar to that
cussed above.

Different reasons for digitizing the entire spin-echo sh

FIG. 5. (b) The 2D (frequency–spin-echo coordinate) representation
amplitude FT spectrum of the “21 1” ESEEM of L-MoV. (a) Trace 1: Th
modulus of the ESE shape integrated overt9 (the interval between the first a
second mw pulses). Trace 2: The projection of the2H ESEEM spectrum lin

t 3.6 MHz (see (b)). Trace 3: The projection of the1H ESEEM spectrum lin
t 23.3 MHz (see (b)). Experimental conditions:nmw 5 15.066 GHz,B0 5
48.14 mT(corresponding to the maximum of the EPR spectrum), and th
ulse durations are 12 ns (;90°), 50 ns (;360°), and 12 ns (;90°).
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become apparent, if we consider the pulse-adjustable
niques (“2 1 1” (7), “1 1 2” (8), pulse-matched ESEE
(9)). A characteristic feature of these techniques is the u
mw pulses with high turning angles (usually, more thanp),
and the amplitudes adjusted to match the electron nut
and nuclear transition frequencies. Such mw pulses
usually tens to hundreds of nanoseconds long, and
spin-echo signal they form has a similar duration.
spin-echo and modulation amplitudes in these method
not factorized as in usual ESEEM techniques emplo
hard and short mw pulses. The maxima of spin-echo sig
do not correspond to those of the modulation amplitude
the positions of the latter are known only in cases
extremely weak hyperfine interaction (17). This cir-
cumstance makes the use of these techniques very inc
nient in an experiment with the boxcar integrator-ba
acquisition system. Due to this inconvenience, and de
the fact that these techniques may give a huge increa
modulation amplitude (as compared to the usual two-
three-pulse methods), they were never actively use
practice.

With digitizing the entire spin-echo signal, the pul
adjustable techniques can be used as effectively as
conventional method. As an example, Fig. 5b shows
dependence of the “21 1” ESEEM spectrum of L-MoV on

FIG. 6. (b) The 2D (frequency–spin-echo coordinate) representation
mplitude FT spectrum of the pulse-matched primary ESEEM of L-MoV. (a)
race 1: The modulus of the ESE shape integrated overt. Trace 2: The

projection of the14N ESEEM spectrum line at 1.95 MHz (see (b)). Trace 3:
rojection of the1H Zeeman spectrum line at 23.3 MHz (see (b)). Trace 4:
rojection of the1H double Zeeman spectrum line at 46.7 MHz (see

Experimental conditions:nmw 5 15.066 GHz,B0 5 548.14 mT(correspond-
ng to the maximum of the EPR spectrum), and the durations of both
ulses are 120 ns (;720°).
h-

of

on
re
he
e
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23.3 MHz due to the weakly coupled ligand protons.
low-frequency lines are contributed by solution deute
(at 3.6 MHz) and ligand nitrogens. Traces 2 and 3 in Fig
show, respectively, the variations of the deuteron and pr
line amplitudes along the spin-echo coordinate. Trace
the same figure shows the absolute value of the ESE s
shape. One can see that the maxima of different modul
harmonics appear at different places in the ESE signa
the modulation amplitude is not proportional to the E
signal amplitude. Actually, in this particular case themax-
imumof the proton modulation corresponds to theminimum
of the spin-echo signal. Similar data are presented in F
for the primary ESEEM with matched mw pulses, dem
strating the same feature as “21 1” ESEEM. From Figs.
and 6 one can see that with the acquisition of the entire
signal shape, the tiresome procedure of searching fo
maximum of the modulation amplitude within the time s
of the ESE signal (by readjusting the boxcar gate posi
is eliminated.

CONCLUSION

In this work we have demonstrated that the currently a
able commercial fast signal-digitizing boards can be c
pletely substituted for gated acquisition and can be use
everyday ESEEM measurements for obtaining quantitativ
formation on modulation amplitude and improving theS/N
ratio in ESEEM measurements. Implementing such acquis
devices converts pulse-adjustable ESEEM techniques into
tine and convenient experiments used for increasing the
ulation amplitude.
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