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A new setup for longitudinal detection (LOD) of EPR signals
based on a commercial pulse EPR spectrometer equipped with an
ENDOR probehead is presented. The design is suited for pulse
LOD EPR and amplitude-modulated cw LOD EPR experiments.
The sensitivity is substantially increased compared with earlier
designs. Two new pulse schemes that take full advantage of
the special properties of the setup are invented. In transient-
nutation longitudinally detected EPR (TN-LOD EPR), the nuta-
tion of magnetization during a microwave pulse is used to mea-
sure the EPR signal. In pulse-train excited longitudinally detected
EPR (PT-LOD EPR), a train of microwave pulses that periodi-
cally inverts the magnetization is applied. First experimental re-
sults on radicals and metal complexes at room temperature are
presented. C© 2001 Academic Press

Key Words: electron spin resonance; pulse EPR; amplitude-
modulated cw EPR; longitudinal detection; resonant circuit.
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INTRODUCTION

With longitudinal detection (LOD) the EPR signal is me
sured via the change inMz magnetization, which induces a vol
age in a pick-up coil oriented parallel to the static magnetic fi
B0. Such experiments have been carried out with continu
wave (cw) and pulse excitation for many years (1–6). The LOD
technique is a useful alternative and supplement to the m
more common detection of transverse magnetization. LOD E
has successfully been used, for example, to measure long
nal relaxation times (7, 8), to investigate slow dynamics effec
(9), and to disentangle overlapped EPR spectra (10, 11). In re-
cent years the LOD method has also extensively been ap
in EPR imaging (12–14). However, up to now the technique h
not found widespread applications in routine EPR spectrosc
mainly because of its low sensitivity and the requirement o
dedicated spectrometer to perform the experiments.

In this work we present an experimental setup for LOD
periments that is based on a commercial pulse EPR spe
meter and that requires a minimum of additional equipm
The detection system is optimized to an extent that allows
to perform LOD EPR experiments with measuring times co
parable to conventional cw EPR.
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Two new pulse schemes that cause theMz magnetization to
oscillate with a frequency of several megahertz are introduc
In the first approach, calledtransient-nutation longitudinally
detected EPR (TN-LOD EPR), either transient nutations or t
periodic inversion of the magnetization is detected, depend
on the relaxation time of the paramagnetic species. The sec
approach, calledpulse-train longitudinally detected EPR (PT-
LOD EPR), detects the change of theMz magnetization induced
by a train of pulses, and is related to a method that has previou
been developed for much lower pulse repetition frequencies4).

The potential of the new experimental setup and of the tw
pulse schemes is demonstrated on a coal sample and on trans
metal complexes.

LOD EPR EXPERIMENTS

In this section we briefly summarize the basics of cw LO
EPR and introduce the new pulse LOD EPR schemes.

The cw LOD Experiment

Continuous wave LOD EPR experiments can be carried
by using a microwave (mw) field that is amplitude-modulate
either with frequencyω when a carrier is present (15) or with
frequencyω/2 with suppressed carrier. The second case is equ
alent to the irradiation of two mw fields that differ in frequenc
by ω (3). Both experiments cause theMz magnetization to os-
cillate with the frequenciesnω, wheren = 1, 2, . . . . The LOD
experiments can be described using Bloch equations (7, 16) or
second quantization (17). For two frequencies andω−1 À T1

it has been shown by using Bloch equations that the respo
from the spin system has nonvanishing Fourier components
n ≥ 1 (16). Detection is done by tuning the resonant frequen
ωLCR of the detection circuit to one of these frequencies, usua
toω.

The lineshapes of a cw LOD EPR spectrum may be distor
for various reasons. We mention here only the two mo
relevant mechanisms. The first one is comparable to pow
broadening in cw EPR. If the mw power exceeds a certain lev
a homogeneous EPR line will split into a doublet. Forω−1À T1

and detection of the fundamental frequencyωLCR = ω, such
8
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LONGITUDINAL DETEC

FIG. 1. TN-LOD EPR experiment. (a) Pulse sequence consisting of a
gle strong mw pulse. (b) NutatingMz magnetization of a spin system with
homogeneous EPR line. The decay is caused by a distribution of the mw
strengthω1. (c) Response of the resonant circuit with quality factorQLCR = 10.

a splitting is observed forS> 2(1+ √2) = 4.828 (16), where
S= (γ B1)2T1T2 is the saturation parameter (18). The splitting
occurs readily for radicals with long relaxation times, where
for transition metal complexes at room temperature, l
broadenings or line splittings are not observed even at
maximum available mw power. The second mechanism for l
distortions is independent ofB1. A splitting of the EPR lines
can be observed if the linewidths are narrower thanω because
the sidebands of the mw radiation lie outside the EPR lines.

Transient-Nutation LOD EPR

In the TN-LOD EPR experiment shown in Fig. 1, theMz mag-
netization nutates under the influence of a strong mw pulse
induces a voltage in the pick-up coil. The nutation frequencyωTN

is proportional to the product of the transition matrix eleme
of the excited transition and the field strengthB1 and depends
on the resonance offset and on the magnetic parameters o
spin system (19–21). For example, the magnetization vector in
spin system withS= 1/2 and an isotropicg value nutates with
frequency

ωTN =
√
ω2

1 +Ä2
S, [1]

whereÄS = βegB0/h- − ωmw is the resonance offset andω1 =
βegB1/h- is the mw field strength in angular frequency units.

Since in our experiments a detection circuit with a narro
bandwidth and a resonance frequencyωLCR is used,ωTN must
be adjusted toωLCR by varyingB1. Forω1 < ωLCR, the condition
ωTN = ωLCR is fulfilled at the off-resonant field positionsÄS =
±
√——————
ω2 − ω2. Narrow EPR lines with a width on the order o
LCR 1

ωLCR or smaller may thus be split into two peaks separated
2
√——————
ω2

LCR − ω2
1. Forω1 > ωLCR the signal intensity is reduced
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and the lines are broadened. A similarω1 dependence is found
for paramagnetic species with anisotropicg matrices orS> 1

2.
To illustrate the characteristics of the experiment we use

numerical simulation procedure based on the GAMMA libra
(22), and assume anS= 1

2 system with a homogeneously broad
ened line, on-resonant mw irradiation, and a distribution of t
ω1 values typical for dielectric resonators and large samp
(21). T1, T2 are chosen much larger thanω−1

LCR. The resulting
signal depends strongly on the properties of the resonant circ
Figures 1b and 1c show the time evolution ofMz(t) and the sig-
nal s(t) in a serial LCR resonant circuit withωLCR equal to the
maximum of theω1 distribution.

The field-swept TN-LOD EPR spectrum is obtained eith
by Fourier transformation ofs(t) at eachB0-field position and
taking the spectral component atωLCR, or by multiplyings(t)
with a reference signal of frequencyωLCR and taking the spectral
component at zero frequency. As a third possibility for samp
with strong signals, the data points of|s(t)| can be summed up
after a baseline correction for each position ofB0.

The decay of the magnetization caused by off-resonance c
tributions andB1-field inhomogeneities can be partially refo
cused to a rotary echo (20) by changing the phase of the mw field
by 180◦. This procedure can be repeated several times resul
in the pulse sequence shown in Fig. 2a, with a first nutation pu
of lengthtp followed by a succession of refocusing pulses wi
alternating phases and length 2tp. Since for detection the phase
of the oscillating magnetization must remain the same dur
the whole pulse sequence,tp must be set to

tp = n

2

2π

ωLCR
, n = 1, 2, . . . . [2]

Figure 2b shows the evolution ofMz for the scheme with re-
focused magnetization. The same distribution ofω1 and the
same values forT1, T2 as in Fig. 1 have been used. The ma
netization is completely refocused since in this simulation

FIG. 2. TN-LOD EPR experiment with refocused magnetization and th
sameω1 distribution as described in the legend to Fig. 1. (a) Pulse seque
by
consisting of an mw pulse that is subdivided into segments with alternating
phases to generate a train of rotary echoes. (b) Time evolution ofMz for a spin
system with a homogeneous EPR line in an inhomogeneous mw field.
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homogeneous EPR line with on-resonant mw irradiation
assumed.

For T2 ¿ 2π/ωLCR, the spin system behaves complete
different. The nutation is overdamped andMz approaches a
steady state during the mw pulse. In this case the magnetiz
can not be refocused, and the spin system behaves as
cw LOD experiment with phase modulation of the mw fie
Without phase modulation, the resonant circuit is excited tw
The first time by the rapid approach ofMz to a steady state
when the pulse is switched on, and the second time by the
return of Mz to the Boltzmann equilibrium when the pulse
switched off. If the duration of the mw pulse is a half-integ
multiple of the period of the resonant circuit, the two sign
are added; if the length is an integer multiple, the signals
subtracted.

TN-LOD EPR is particularly well suited for transition met
complexes at liquid helium temperature and for radicals
room temperature where the nutation of the magnetiza
lasts for several periods. It can also successfully be applie
cases where the spectrum consists of both broad and na
lines because, as aforementioned, different mechanisms
responsible for the signal, depending on whether nutation
for a long or a short time.

Pulse-Train LOD EPR

The PT-LOD EPR experiment consists of a train of mw pul
of lengthtp, separated by the repetition timetrep (Fig. 3a). Such
an excitation scheme has already been used for LOD ex
ments with pulse repetition frequencies 1/trep between 1 and
10 kHz andtrepÀ tp(4). In this earlier approach the sequen
consisted of an infinite number ofπ pulses, and the resona
circuit with frequencyωLCR = 2π/trep filtered the first Fourier
component of the periodically changingz magnetization. The
sinusoidal signal was recorded with a phase-sensitive dete
(PSD). In the approach proposed here, a pulse repetition
quency of about 10 MHz is used andtrep andtp are of the same
order of magnitude. This corresponds to an increase of the
tection frequency by three to four orders of magnitude compa
to the former scheme, and the signal intensity is concentr
on the fundamental frequency and a few higher harmonics
contrast to the low-frequency approach detection is done w
transient recorder, since the length of the pulse train is lim
by the duty cycle of the TWT amplifier.

As in the TN-LOD EPR experiment the signal observed
the PT-LOD experiment strongly depends on the effect of
mw pulses on the spin system, i.e., whether the magnetiza
can be inverted several times with strong mw pulses. These
cases will be discussed separately.

No inversion of the magnetization possible (T2¿ 2π/ωLCR).

In this case the magnetization approaches its steady-state
during each pulse and partially recovers between the pulses.
is shown in Fig. 3b fortrep= 2tp. The pulse repetition time mus
R, AND SCHWEIGER
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FIG. 3. PT-LOD EPR experiment. (a) Pulse sequence consisting of a train
π pulses of lengthtp and a pulse repetition timetrep= 2tp. (b) Behavior of theMz

magnetization for the caseT2 ¿ 2π/ωLCR. Parameters used for the simulation
are as follows:trep = 80 ns,T1 = 40 ns,T2 = 1 ns. (c) Behavior of theMz

magnetization for the caseT1 À 2π/ωLCR andT2 on the order of 2π/ωLCR. The
pulse sequence inverts the magnetization periodically (parameters:T1 = 40µs,
T2 = 100 ns).

be set to

trep= 2πn/ωLCR, [3]

wheren is a positive integer; otherwise the signals induced b
the different pulse do not have the same phase, which reduces
detected signal. After a few cycles, the magnetization reach
an oscillatory steady state. Ifn = 1, the time constant of the
detection circuit is not only responsible for the ringing after th
pulse train, but also for the rise of the signal during excitatio
In the limit of a pulse train with an infinite number of pulses an
for trep = 2tp, the only difference between this method and th
cw LOD experiment with a square-wave modulation of the m
field amplitude is to use a transient recorder instead of a P
for detection.

At least partial inversion of magnetization possible, and T1À
trep. In this caseMz(t) remains virtually unchanged between
two consecutive pulses, so that the maximum signal is obtain
with flip angles of 180◦ (Fig. 3c). The decay of the magnetization
caused by the inhomogeneousB1 field and inhomogeneous EPR
lines can partially be refocused by alternatingly inverting th
phase of the pulses. The change inMz is thus periodic with
value
This
t

2trep, and a repetition timetrep = π/ωLCR must be used for
maximum signal intensity. The signals(t) will first increase and
then slowly decrease to a low steady-state value. Lines with a
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LONGITUDINAL DETEC

width smaller than the excitation bandwidth of the pulses will
broadened. For optimum signal intensity, the same rules a
for the choice of the repetition time between two pulse train
in pulse echo experiments (18).

INSTRUMENTATION

Spectrometer

The setup for the LOD experiments is integrated in a Bru
ELEXSYS E580 pulse/cw EPR spectrometer operating at
band frequencies (Fig. 4). Two separate channels are use
pulse LOD and cw LOD experiments, both for excitation a
detection.

Pulse mode. For pulse LOD experiments, a modification
the excitation channel is not required. The mw pulses are for
in the mw bridge of the E580 spectrometer and amplified u
1 kW with a TWT with a duty cycle of 1%. For data acquisitio
the preamplified signal is fed to the Bruker SpecJet trans
signal averager, which is the built-in device for data acquisiti

Continuous wave mode.To perform cw LOD experiments
the spectrometer must be supplemented by additional dev
The cw mw power is taken from theAUX output of the mw
bridge. Its amplitude is modulated either with an mw swi
(M/A-Com 2662-0106) for square-wave modulation, or with
double balanced mixer (Miteq MO 812) for arbitrary modu
tions. Amplitude modulation of the mw is by far less demand
than the use of two frequency-locked mw sources (3). The mod-
ulated signal is then amplified with a 15-W solid state cw m
amplifier (CTT ASN 096-4242). The power level at the outpu
the mw amplifier is adjusted by a rotary vane attenuator (Siv
Lab PM 7101X). The isolators are used to generate an mw am
tude modulation free of reflections (Ryt 200102) and to abs
reflections caused by the overcoupling of the probehead (N

FIG. 4. Experimental setup used for LOD EPR experiments based

Bruker ELEXSYS E580 pulse EPR spectrometer with a pulse ENDOR pro
head rotated by 90◦ around the sample axis. The parts connected by dashed l
are used for cw LOD EPR only.

as a
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60583). The signal from the pick-up coil is amplified and d
modulated with a phase-sensitive detector (Stanford SR 8
The signal output of this device is then directed to the Spec-
The driving signal for the mw modulators is delivered by an
bitrary waveform generator (LeCroy LW 420) and is also us
as reference for the PSD.

Probehead

Dielectric resonators are well suited for both pulse and
EPR experiments. Their loaded quality factorsQL can be ad-
justed between 80 (maximal overcoupled with power reflect
of approximately 99%) and 5000 (critical coupling). Furthe
more, a coil positioned inside the dielectric ring close to
sample has only a small influence on the mw properties of
type of resonator.

As LOD experiments usually suffer from sensitivity, the d
sign of the pick-up coil must be optimized carefully. The volta

Vind ∝ −N A
d Mz(t)

dt
[4]

induced in a coil by the time-dependentMz magnetization is
proportional to the numberN of turns and to the cross sectio
A of the coil. For optimum sensitivity, the coil should have
maximum number of turns and should be as close to the sam
as possible. On the other hand,N is limited by the maximum
inductanceL of the coil for a given resonance frequencyωLCR

and the available space, and the wires must be arranged suc
they are oriented perpendicular to the electric field compon
of the mw field.

The setup of the Bruker X-band probehead (EN 4118X)
ENDOR experiments fulfills most of the above requiremen
The wire of the radio frequency (rf) coil is guided inside th
dielectric ring in four grooves parallel to the sample axis a
returns outside the dielectric body. The coil is thus very clo
to the sample with 3.8-mm outer diameter, resulting in a mu
higher filling factor than in all coil arrangements previously us
for LOD experiments. We performed our LOD experiments w
such a commercial probehead, rotated around the sample
by 90◦, and used the rf coil, which is then oriented parallel
B0, as the pick-up coil.

For pulse LOD experiments, the resonator was strongly o
coupled to obtain well-defined pulse shapes. For cw LOD
periments the quality factorQL must be chosen such that th
bandwidth of the resonatorωmw/QL is larger than the frequenc
difference between the mw sidebands. Otherwise the signa
tensity is remarkably reduced. In addition, the two sideba
may have different intensities if mw and resonator freque
are not the same.

Detection Circuit

The LOD detection setup, which can be described best
be-
inesserial LCR resonant circuit, requires only a minimum of addi-
tional devices. The rf coil of the ENDOR probehead with an
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inductanceL ≈ 2.6µH is used for signal detection. One of th
two semi-rigid 50-Ä coaxial cables that connect this coil wit
the rf connectors at the outside of the probehead is shorted.
connection, which adds an inductive part withLC ≈ 0.15µH, is
not considered in the following. The second semi-rigid coax
cable has a high-impedance termination and acts therefor
a capacitor withCC ≈ 50 pF between coil and ground. Thes
components of the probehead already form a serial LCR reso
circuit with a resonance frequencyωLCR/2π = 1/(2π

√
LC) ≈

14 MHz and a quality factorQLCR = R−1
S

√
L/C ≈ 150. The

resistance of the coil represents the main contribution to
serial resistanceRS. In going from room temperature to liquid
helium temperature,QLCR increases by a factor 2–3. If the firs
semi-rigid coaxial cable is open ended,ωLCR increases by abou
a factor

√
2. To adjust the resonance frequency of the detect

circuit, a tuning capacitor withCT = 5–15 pF in parallel toCC

is used. The signal is detected as the voltage across capaci
C = CC +CT . The impedance transformation between the r
onant circuit and the 50-Ä input of the rf preamplifier (Avtec
AV-141C) is realized with a buffer amplifier (National LH0063
The advantage of this active transformation over a passive
is thatQLCR is not reduced by the transformed input impedan
of the video amplifier.

The S/N ratio of the detection system can be expressed
(23–25)

S/N ∝ M0

√
ηQLCR

ωLCR

Äb

VS

FT0
, [5]

whereη is the filling factor of the detection coil,VS is the sample
volume,Äb is the bandwidth of the receiver,F is the noise figure
of the preamplifier, andT0 is the temperature of the detectio
coil. With the setup used in this work, the sensitivity is parti
ularly high because of the highη value and the high resonan
frequencyωLCR/2π ≈ 13 MHz, which is three orders of mag
nitude higher than in earlier pulse LOD work (4). In cw LOD,
detection frequencies up to 30 MHz have been used (7).

RESULTS AND DISCUSSION

In this section we illustrate the potential of the various LO
techniques by experimental examples. All spectra were recor
at room temperature with a resonance frequencyωLCR/2π =
12.5 MHz.

For the pulse LOD experiments, the window for the tra
sient signal detection was opened at the beginning of the p
sequence and its length was set so that also the first part o
ringing of the detection circuit after the end of the excitation w
recorded. Real-time data analysis is not possible with the sp
trometer software used in this work. Optimization of the vario
instrumental parameters, such as mw attenuation, mw pha

and lengths of the pulses and of the detection window, can
done in real-time by observing the signal on the oscilloscope
R, AND SCHWEIGER
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FIG. 5. Continuous wave LOD EPR experiment. (a) LOD EPR spectru
of a powder of Mn-doped NH4Cl recorded at room temperature with a squar
wave modulated mw amplitude (mw frequency 9.6303 GHz). (b) Correspond
integrated cw EPR spectrum (mw frequency, 9.7686 GHz).

cw LOD EPR

The cw LOD powder EPR spectrum of Mn(II)-doped NH4Cl
(0.08%) (26) recorded with a square-wave modulated mw fie
is shown in Fig. 5a. The quality factor of the mw resonat
was QL = 700 and the mw power was 5 W. The spectru
with a S/N ratio of about 120 was measured in 2 min. with
resolution of 1024 data points. For comparison, the integra
cw EPR spectrum is shown in Fig. 5b. It is difficult to get th
correct baseline for a cw EPR spectrum that covers such a w
field range. For cw LOD EPR the linewidth and the width of th
spectrum represent no limitations since the absorption spect
instead of its first derivative is detected. The small shift in t
field axis of the two spectra is caused by the use of two sligh
different mw frequencies.

Since in this setup the pick-up coil is placed inside the re
onator, spurious lines from paramagnetic impurities in the
electric ring do not disturb the spectrum. This is often a proble
in cw EPR experiments using this type of resonator.

TN-LOD EPR

In Fig. 6 TN-LOD EPR spectra of a coal sample with a narro
radical signal and a broad signal from an iron impurity record
without (6a) and with (6b) refocusing of the magnetization a
compared with the integrated cw EPR spectrum (6c). The T
LOD spectra were recorded in 10 min. with a resolution of 6
data points. Three minutes of the recording time were used
data acquisition; the rest was instrumental overhead to tran
the data to the computer and to reset the pulse programmer
TN-LOD and PT-LOD experiments suffered from such an ove
head, which was almost zero in the cw LOD experiments. T

be
.
nutation frequency resonant with the radical peak was adjusted
toωLCR by varying the mw power until the signal was maximum.
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FIG. 6. TN-LOD EPR experiment. (a) TN-LOD EPR spectrum of a co
sample recorded without refocusing of the magnetization. The length of the
pulse was 1µs. (b) TN-LOD EPR spectrum recorded with refocusing of t
magnetization. The pulse consists of one segment of lengthtp = 160 ns and
eight segments of length 2tp. (c) Integrated cw EPR spectrum, recorded with
modulation amplitude of 2.3 mT for the full spectrum and 0.1 mT for the ins

The sensitivity of this adjustment procedure can be increase
periodically changing the phase of the mw field by 180◦, which
generates a train of rotary echoes. The time between the ec
should be equal to one or two periods of the resonant circui

Since the relaxation time of the iron spectrum is short co
pared to a nutation period, the phase switching acts as a p
modulation, which increases the signal intensity. Therefore

FIG. 7. PT-LOD EPR experiment. (a) PT-LOD powder EPR spectrum
bis(picolinato)Cu(II) diluted into the corresponding zinc complex. The two
rows indicate theB0-field observer positions used for the time traces in (b).

Pulse sequence consisting of 31 mw pulses (top). PT-LOD time trace reco
with an observer field of 329 mT (middle). Corresponding off-resonance sig
recorded at 260 mT (bottom).
TION OF EPR SPECTRA 83
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iron spectrum in Fig. 6a is three times weaker in intensity th
in the corresponding spectrum in Fig. 6b. AnS/N ratio of 40
is found for the iron spectrum in 6a and of 130 in 6b. The in
set in 6a, which represents the spectrum of the radical with
S/N ratio of 170 and a resolution of 256 points, was record
in 4 min. For the cw EPR spectrum shown in 6c a modulatio
amplitude of 2.3 mT (inset: 0.1 mT) and an mw power of 0.2 W
(inset: 20µW) were used.

The spectrum of the radical is different in the TN-LOD EPR
and the cw EPR experiments, since this sample contains sev
radical components with different linewidths. For the radic
with the small linewidth, one findsT1 ≈ T2, which is a favorable
condition for the detection of field-modulated cw EPR spectr
especially with the low mw power used in this measureme
Therefore the relative intensity of the narrow line compared
the broad line is larger in the conventional cw EPR spectrum th
in the TN-LOD EPR spectrum, where the contribution of th
narrower line to the signal is small. With an echo-detected EP
experiment at room temperature almost the same result as w
the TN-LOD EPR was obtained since from the narrow line on
an FID but no echo could be observed.

PT-LOD EPR

Figure 7a shows the PT-LOD EPR spectrum of bis(picolinat
Cu(II) doped into a powder of the corresponding zinc comple
The spectrum with anS/N ratio of 350 was measured with 500
data points in 8 min. and was obtained by a train of 31 mw puls
of length 40 ns (Fig. 7b (top)). An mw power of 150 W and
pulse repetition time trep = 80 ns were used. The time-domain
trace observed by adding 100 shots at theB0-field position where
the EPR signal is maximum is shown in Fig. 7b (middle, arro
in 7a at the high-field position) together with the residual sign
observed with an off-resonance field (bottom, arrow in 7a at t
low-field position).

CONCLUSIONS

We described a setup for longitudinally detected EPR at
band frequencies that overcomes some of the shortcoming
earlier approaches and that is sufficiently sensitive to perfo
routine measurements. The same probehead can be used
pulse LOD EPR and amplitude-modulated cw LOD EPR e
periments. Since a commercially available probehead initia
designed for pulse ENDOR experiments was used without mo
ifications, the sensitivity may be improved further by optimizin
the probehead for this type of experiments. A probehead wh
the whole resonant circuit including the impedance matchi
network and the preamplifier are at cryogenic temperatu
could fully benefit from the low value ofT0 and the highQLCR

value (see Eq. [5]), since no noise source at ambient tempera
is part of the detection circuit.
rded

nal The two new pulse schemes, TN-LOD EPR and PT-LOD
EPR, require fast accumulation of transient signals, a technique
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that has recently become available. TN-LOD EPR is we
suited for the measurement of EPR spectra with both narr
and broad lines. On the other hand, the proper recording of
spectrum and the optimum choice of the different paramet
that depend on the type of sample under investigation can
quite demanding. PT-LOD EPR is easier to implement beca
the adjustment of the mw power is less critical. The approa
is most sensitive for paramagnetic species withT1 on the
order of or shorter than an oscillation period of the detecti
circuit. For paramagnetic species with linewidths smaller th
the excitation bandwidth of the pulses, the signals may
broadened and distorted. In the two pulse LOD EPR metho
the whole time trace of the signal is recorded. It is therefo
in principle possible to calculate the evolution ofMz(t) and to
obtain additional information about the spin system, provid
the parameters of the resonant circuit are known.

Since several properties of LOD EPR are complementary
conventional cw EPR, longitudinal detection can foster the
terpretation of complicated spectra by comparing the spec
obtained with the two detection methods. Another importa
application of LOD techniques, which is not discussed in det
in this work, is the measurement of spin–lattice relaxation tim
T1. The setup described in this work opens the possibility f
new pulse LOD schemes for the determination ofT1 in a wide
time window (27). The LOD EPR experiments discussed in th
work require only some standard additional electronic comp
nents and can easily be implemented in existing spectrome
even without the need to build a dedicated probehead. L
gitudinally detected EPR has thus become available for ma
laboratories.
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