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A versatile high-power pulse Q-band EPR spectrometer operat-
ing at 34.5–35.5 GHz and in a temperature range of 4–300 K is
described. The spectrometer allows one to perform one- and two-
dimensional multifrequency pulse EPR and pulse ENDOR experi-
ments, as well as continuous wave experiments. It is equipped with
two microwave sources and four microwave channels to generate
pulse sequences with different amplitudes, phases, and carrier fre-
quencies. A microwave pulse power of up to 100 W is available.
Two channels form radiofrequency pulses with adjustable phases
for ENDOR experiments. The spectrometer performance is demon-
strated by single crystal pulse ENDOR experiments on a copper
complex. A HYSCORE experiment demonstrates that the advan-
tages of high-field EPR and correlation spectroscopy can be com-
bined and exploited at Q-band. Furthermore, we illustrate how this
combination can be used in cases where the HYSCORE experiment
is no longer effective at 35 GHz because of the shallow modulation
depth. Even in cases where the echo modulation is virtually ab-
sent in the HYSCORE experiment at Q-band, matched microwave
pulses allow one to get HYSCORE spectra with a signal-to-noise
ratio as good as at X-band. Finally, it is shown that the high mi-
crowave power, the short pulses, and the broad resonator band-
width make the spectrometer well suited to Fourier transform EPR
experiments. C© 2001 Academic Press
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INTRODUCTION

Pulse electron paramagnetic resonance (EPR) has becom
important spectroscopic tool in physics, chemistry, biology,
materials science to evaluate small hyperfine interactions
nuclear quadrupole couplings in solids, to study short-lived p
magnetic species, and to investigate the dynamics of para
netic compounds (1–5). In particular, one- and two-dimension
electron spin echo envelope modulation (ESEEM) techniq
and pulse electron nuclear double resonance (ENDOR) m
ods have become very popular in the past couple of years.

The great majority of the pulse EPR spectrometers wor
X-band frequencies (9 GHz). Recently, pulse EPR spectrosc
1 On leave from MRS Laboratory, Kazan State University, Kazan, 4200
Tatarstan, Russian Federation.
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at microwave (mw) frequencies of about 95 GHz (W-band) a
higher (6–10) as well as below 9 GHz (11, 12) have become o
much interest. However, only a few pulse EPR spectrometer
capable of measuring electron spin echoes (and ESEEM) or
induction decays (FID) in the frequency range between X-b
and W-band (13–17). This is in contrast to continuous wave (cw
EPR spectroscopy, where Q-band (35 GHz) frequencies are
routinely.

ENDOR and ESEEM experiments at Q-band frequencies h
a number of advantages compared to the corresponding e
iments at X-band and W-band. At 35 GHz the static magn
field B0 is often sufficiently high to separate EPR spectra
different paramagnetic species, resolve features belongin
differentg principal values in disordered systems, and sepa
ENDOR (or ESEEM) lines of different nuclei. With increasin
mw frequency, and correspondingly increasing magnetic fi
the quality of an ENDOR spectrum is subject to two comp
ing processes, namely the increase in spin polarization an
reduction of the hyperfine enhancement of the radiofreque
(RF) field (18). At Q-band frequencies spin polarization and t
enhancement factor represent a good compromise for resol
and sensitivity.

Concerning the application of ESEEM spectroscopy, sev
situations must be distinguished. In the case of weak hy
fine couplings the ESEEM amplitude will decrease with
creasing magnetic fields (2), so that ESEEM at Q-band is su
perior to W-band. In the case of strong hyperfine couplin
the modulation amplitude is often larger at higher mw frequ
cies due to a stronger state mixing. If the so-called cance
tion condition is fulfilled, the modulation amplitude is ma
imum at a particular magnetic field and mw frequency (19).
For such situations, Q-band frequencies represent their
niche to combine hyperfine couplings and nuclear Zeem
interactions.

The large bandwidth, the high quality factor, and the mode
filling factor make standard Q-band mw cavities convenient
pulse applications. In this frequency range mw components
still comparable in quality with X-band components, and
technical specifications make the construction of a pulse Q-b
EPR spectrometer straightforward.
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Q-BAND PULSE EP

It has been demonstrated that pulse ENDOR and ESEEM
periments at Q-band frequencies can be carried out by us
slightly modified low-power superheterodyne EPR spectrom
(13). With this setup a number of standard pulse EPR exp
ments have been carried out on some particular samples. B
performance was obtained with an incoherent instrument u
a pulsed IMPATT generator as the mw source (14, 20). Re-
cently, a coherent high-power spectrometer has been desc
which uses homodyne detection and a TWT amplifier for
mw pulses (15). These authors also discussed sensitivity
pects of ESEEM and pulse ENDOR experiments at Q-b
and presented a number of applications using standard p
schemes.

So far, advanced pulse EPR methods have not been im
mented at Q-band frequencies. One of these techniques i
perfine sublevel correlation (HYSCORE) spectroscopy (21),
which has become a standard tool for measuring small hy
fine couplings of paramagnetic species. Besides HYSCO
a number of more sophisticated correlation experiments h
been invented, for example, double nuclear coherence tra
(DONUT-HYSCORE) (22) and hyperfine correlated ENDO
(HYEND) experiments (23). For weak hyperfine couplings th
potential of HYSCORE at Q-band is somewhat reduced bec
of the lower modulation depth compared with X-band. In su
a situation, an improved coherence-transfer scheme base
matched mw pulses implemented early at X-band frequen
can be utilized (24–26).

In this work we describe a versatile high-power Q-band pu
EPR/ENDOR spectrometer. It is based on the design of p
X- and S-band EPR spectrometers (11, 27) and recent devel
opments in mw devices, acquisition electronics, and spectr
eter software. The pulse spectrometer, which consists of
mw channels, two mw sources, and a pulse ENDOR acces
with two RF channels, has excellent performance for one-
two-dimensional routine measurements, as well as for the de
opment of new pulse methodology. The experimental exam
given in this work not only demonstrate the performance of
spectrometer but also illustrate that most of the modern p
EPR methodology developed for X-band spectrometers can
ily be implemented at Q-band.

SPECTROMETER DESCRIPTION

The spectrometer is designed as a multipurpose instrum
for cw and pulse EPR and for pulse ENDOR experiments
simplified block diagram of the mw part of the spectromete
shown in Fig. 1. Isolators, direct current blocks, and freque
monitoring circuits are not shown. Series production and c
tom ordered mw components are implemented. The later
are optimized according to the requirements of the pulse E
experiments in the frequency range from 34.5 to 35.5 GHz. C

mercial components will be characterized by company nam
models, and specifications; custom-ordered components wi
described by their parameters.
R SPECTROMETER 197
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FIG. 1. Simplified block diagram of the Q-band mw bridge. The mai
components are as follows: (1) E-110 Varian bridge; (2) mechanical wavegu
switch; (3) probe head; (4) electronically controlled commutator; (5) Gunn o
cillator; (6) pulse forming unit; (7) fast mw switch; (8) solid state preamplifie
(9) travelling wave tube amplifier, TWT; (10) five-port circulator; (11) protec
ing switch; (12) limiter; (13) low noise mw preamplifier; (14, 15) orthomoda
mixers. Microwave isolators and dc blocks (not shown) are used at critical poi

A Varian E-110 cw bridge (1) with a klystron (Varian, V1201
supplied by a console (Varian, E-Line E109) serves as the m
mw source in the 34.5- to 35.5-GHz range. In the cw mode t
bridge is connected to the probe head (3) via a motor-control
waveguide switch (2) (Sector Microwave, VCFP). This mode a
lows one to measure cw EPR spectra as well as to adjust the
quency and coupling of the mw cavities. In the pulse mode,
mw power (50 mW) is directed from the bridge to the referen
arm and the pulse-forming arm. Two diode switches form the m
source selector (4) and allow one to change the carrier frequ
cies during an mw pulse sequence. A second frequency so
consists of a Gunn oscillator (5) (Spacek, GKa-50, 50 mW
with mechanical (±1 GHz) and voltage-controlled (±75 MHz)
frequency tuning.

The pulse-forming block (6) has four channels; each of the
is equipped with an absorption-type attenuator (0–30 dB)
phase shifter, and a fast mw switch with high-speed driver. Hig
quality movable waveguide shorts are used in the phase shif
to vary the mw phase in a stable way between 0 and 360◦. An
additional switch (7) is used to equalize the time paramet
of the mw pulses in the different channels and further suppr
the leaking mw power. All of the above-mentioned switches a
distinguished by a short switching time (5 ns) and an isolati
in the off state of 35 dB. The solid state amplifier (8) (MITEQ
AMF-5D, 26 dB) works as a preamplifier to drive the pulse
100-W traveling wave tube (TWT) amplifier (9) (ASE, 187 Ka
The amplitude of the strongest mw pulse in a pulse seque

es,

ll be
is typically tuned to a value such that the TWT operates just
below the compression point. This allows for very stable high-
power mw pulses with rise/fall times of 3 ns. To perform FT
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EPR experiments where ultrashort mw pulses are required
switch (7) is replaced by a fast switch with a rise and fall tim
of <1 ns (25 dB).

After passing the rotary attenuator (HP, R382A, 0–50 dB),
high-power pulses are fed to the input of the five-port circula
(10). A part of the mw power is directed to a diode detecto
examine the pulses. The isolation of the circulator is impro
by introducing a small dielectric disc into port 2 which acts
a tuning inhomogeneity. By an appropriate positioning of
disc, more than 42-dB attenuation of the wave propagating f
port 1 to port 3 has been obtained within a 2-GHz range. Th
at least 12 dB better than that obtained with a broadband fac
tuning of this circulator.

All routine Q-band pulse EPR and ENDOR measureme
are carried out with a commercial ENDOR probe head (Bru
ER5106-QTE, 1.6 mm outer and 1 mm inner diameter sam
tube, TE012 or TE013 mode, 35.2–35.5 GHz). With the slightl
overcoupled cavity the two-pulse echo ofγ -irradiated quartz is
found to be maximum for mwπ/2 andπ pulses with lengths o
8 and 16 ns and an incident mw power of 100 W. The cavity ri
down time is less than 100 ns under these conditions. Home
rectangular and cylindrical cavities for large sample tubes h
been constructed and passed test measurements.

Signal detection is performed by a direct-gain recei
equipped with a quadrature detector. The low-noise ampl
(13) (noise figure is 4.3 dB) is protected against high-po
pulses by the switch (11) (75 ns recovery time) and the l
iter (12) (40 ns recovery time). The quadrature detecto
based on orthomodal balanced mixers (14,15) (5.9-dB con
sion losses). Rectangular waveguides (WR28) and coaxia
bles (Huber+Suhner, Sucoflex 102) are used to connect
mw components. The quality of the connections was optimi
using a vector network analyzer (Hewlett Packard, HP8722

In the pulse ENDOR mode, the RF is generated by an
bitrary waveform generator (LeCroy, LW420, 0–100 MHz).
homebuilt modulator is used to form the RF pulses. Two
pulses which differ in frequency and phase can be produce
distributed RF amplifier (Kalmus, 137C, 0.01–220 MHz) amp
fies the RF pulses up to a level of 1 kW. With the Bruker pro
head, RF pulses with a power of 200 W generate an RF fiel
B2 = 0.9 mT (rotating frame) at the proton resonance freque
of about 55 MHz when the RF coil is terminated via a 50-Ä resis-
tor. A calibrated current-to-voltage transformer is used to con
the RF pulses. Rabi oscillations of weakly coupled protons w
used to get reference values forB2. The conversion factor of the
ENDOR coil was found to be3 = B2√

P
≈ 0.06 mT/

√
W.

The magnet (Bruker ER-073, 1.7 T, 56-mm air gap), the fi
controller (Bruker ER-032M), and the NMR gaussmeter (Bru
ER-035) allowed for an accurate setting and a precise con
of the magnetic field. The mw frequency is measured wit

frequency counter (XL Microwave, Model 3400). A continuou
flow cryogenic system (Oxford Instruments (UK) Ltd., CF93
is used for all of the low-temperature measurements.
ET AL.
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The spectrometer acquisition system is similar to the one r
ported earlier (28). It consists of a digital word generator (In-
terface Technology, RS690, 250 MHz), a gated integrator (SR
SR250), a data acquisition board (Keithley, DAS1202), a GPI
interface, and a user-friendly acquisition program which runs o
a personal computer. The instrument library of the program
extended by the arbitrary waveform generator (LeCroy, LW420
and the experiment library is expanded for experiments such
matched ESEEM, HYSCORE (26), PEANUT (29), and a num-
ber of other state-of-the-art sequences. The transient signals
recorded with a digital oscilloscope (LeCroy, LC534, 1-GHz
analog bandwidth).

PERFORMANCE AND EXAMPLES

Davies ENDOR

First, we present a pulse ENDOR experiment on a coppe
dopedα-glycine single crystal. The hyperfine principal values
32.86, 20.66, and 17.4 MHz have been reported for the two d
rectly coordinated and magnetically equivalent nitrogen ligand
(30). The Davies ENDOR experiment performed at arbitrar
crystal orientation shows two well-resolved doublets centere
at 9.23 and 16.46 MHz with corresponding splittings of 0.6 an
0.2 MHz (Fig. 2). The spectrum was obtained with an RF puls
of length 30µs and an RF power of 200 W.

Hyperfine Enhancement and Nuclear Nutation

The next example should give a feeling for the hyperfine en
hancement of ENDOR experiments at Q-band by measuring t
enhancement factor of the14N transition observed in Fig. 2.

FIG. 2. Davies ENDOR spectrum of directly coordinated14N nuclei of
Cu(II) (glycine)2 in anα-glycine single crystal, recorded atνmw = 35.32 GHz,
5)
B0 = 1.2068 T, and a temperature of 25 K, with the pulse sequenceπ–tRF–
π/2–τ–π–τ–echo, with mwπ/2 pulse of lengthtπ/2 = 40 ns, a delay timeτ =
200 ns, and an RF pulse of lengthtRF = 30µs.
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Q-BAND PULSE EP

FIG. 3. Transient nutations of nitrogen nuclei resonating at 16.56 M
(high-frequency line in Fig. 2). (a) Pulse sequence with two RF pulses of opp
phase. (b) Oscillations of the electron spin echo as a function of timet .

This is achieved by comparing the nutation frequency of
nuclei coupled to the unpaired electron with the correspond
frequencies in the absence of hyperfine coupling.

A new pulse sequence is introduced for the measuremen
nutation frequencies of nuclei, which is based on a nuclear
tary echo experiment (31) and which uses an electron spin ec
to record the nuclear transient nutation (Fig. 3a). The first
lective mwπ pulse creates two-spin order (32). The nuclear
polarization evolves then under a composite RF pulse of c
stant lengthT , with a first pulse segment of variable lengtht
with the B2 field along the rotating frame+y axis, followed
by a second pulse segment of variable length (T − t) with B2

along the−y axis. Fort = T/2 a nuclear rotary echo is cre
ated. The nuclear transient polarization is indirectly measu
via a two-pulse echo sequence by recording the polarizatio
the EPR transition, which has a level in common with the n
clear transition. For the measurement of nutation frequen
of nuclei with low gyromagnetic ratios, this approach is mo
convenient than monitoring the Rabi oscillations in a Mims
Davies ENDOR experiment. This is because in the rotary e
experiment the nuclear polarization oscillates at twice the n
tion frequency and theB2 inhomogeneity is partially refocuse
as in a PEANUT experiment (29).
The rotary echo experiment at the high-frequency line (νRF =
16.56 MHz) of the14N ENDOR spectrum in Fig. 2 shows tha
R SPECTROMETER 199
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for an RF power of 100 W the effective nitrogen nutation fr
quency isνnut= 7.7 kHz (Fig. 3b). Using the conversion facto
of the RF coil3 ≈ 0.06 mT/

√
W known from proton ENDOR

measurements and assuming that3 at about 16 MHz and at the
proton resonance frequency (54.4 MHz) are the same, aB2 field
of 0.6 mT is found at 16.56 MHz, resulting in an enhancem
factor ε+exp = νnuth

gnβnB0
≈ 4.1, wheregn is the nuclearg value of

the nitrogen nucleus. This enhancement factor is close to
theoretical valueε+theor= 1+ Ah

2gnβnB0
≈ 4.3, whereA = (ν2

α−ν2
β )h

2gnβnB0

is the hyperfine coupling andνα, νβ are the observed ENDOR
frequencies. For the low-frequency line of the ENDOR spectr
the factor is found to beε−exp = 2.4, which is close to the value
expected fromε−theor= |1− Ah

2gnβnB0
| ≈ 2.3. The result indicates

that for strongly coupled nuclei with a low magnetic mome
like 14N the ENDOR enhancement factor at Q-band is cons
erable, which still allows us to perform ENDOR experimen
with relatively short RF pulses. For comparison, at 95 GHz
ε+exp factor for the case at hand is about 2, and at 9.5 GHz
approximately 13.

HYSCORE

The third example demonstrates that two-dimensional (2
experiments can easily be implemented on the spectr
eter. The HYSCORE experiment with the pulse seque
π/2–τ–π/2–t1–π–t2–π/2–τ–echo, was again performed on th
copper-dopedα-glycine single crystal with pulse lengthtπ/2 =
20 ns,tπ = 16 ns, and a time delayτ = 140 ns. A total of 160
data points were taken in both time domainst1 andt2, with initial
values of 40 ns. The dwell time was 24 ns, corresponding
Nyquist frequency of 20.83 MHz. A four-step phase cycle w
used (33). After baseline correction, apodization with a Gauss
window, and zero filling to 256 data points, the HYSCORE sp
trum shown in Fig. 4 with an excellent signal-to-noise ratio w
obtained. Two strong correlation peaks at (−16.44, 9.28) MHz

FIG. 4. Nitrogen HYSCORE spectrum of Cu(II) (glycine)2 in anα-glycine
single crystal (same orientation as in Fig. 2) recorded with the sequenceπ/2–
t

τ–π/2–t1–π–t2–π/2–τ–echo, with mw pulses of lengthtπ/2 = 20 ns andtπ =
16 ns, a delay timeτ = 140 ns, initial valuest1 andt2 of 40 ns, and a dwell time
of 24 ns.
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and (−9.28, 16.44) MHz are observed in the (−,+) quadrant,
which are at least one order of magnitude more intense then
residual peaks on the main diagonal. The splittings observe
the ENDOR spectrum (Fig. 2) are not resolved in the HYSCO
experiment since we used a relatively poor resolution in the
ter experiment because of measuring time limitation (3 h
160 by 160 points).

Pulse Matching

The next example demonstrates the power of mw pulse ma
ing at Q-band frequencies for enhancing the modulation de
At X-band frequencies the three-pulse powder ESEEM exp
ment on vanadyl pyrophosphate hexadecahydrate, VO(P2O7)2,
diluted into the corresponding zinc compound shows proton
31P modulations (34), which disappear almost completely at Q
band frequencies. The decay of the stimulated echo meas
with pulse length 12 ns (ν1 ≈ 21 MHz) at a field position where
all orientations contribute to the signal at Q-band is shown
Fig. 5a. From X-band and Q-band cw and pulse measuremen
predominantly isotropic31P hyperfine coupling of about 19 MH
is found. The Q-band HYSCORE spectrum of VO(P2O7)2 shows
correlation peaks which are slightly above the noise level (d
not shown), whereas at X-band frequencies (ELEXSYS E
spectrometer from Bruker) a signal-to-noise ratio of about
is found for the same number of accumulations (Fig. 6a). T
observed correlations represented by ridges parallel to the m
diagonal of the (−,+) quadrant have maxima at (−15.14, 3.42)
MHz and (3.42,−15.14) MHz, resulting in an effective hype
fine coupling of 18.2 MHz.

Using matched three-pulse ESEEM (26), where the field
strength (in frequency units) of the second and third mw pul
corresponds to the Zeeman frequency of the31P nuclei,ν1= νI =

FIG. 5. Three-pulse ESEEM time traces of vanadyl pyrophosphate do
into a powder of zinc pyrophosphate hexadecahydrate, recorded at Q-ban
quencies. (a) Conventional experiment withπ/2 pulses of lengthtπ/2 = 12 ns.

(b) ESEEM with a matched second and third mw pulse of length 60 ns. In b
cases an mw field strength of 21 MHz was used. The envelopes are norma
to their maximum values.
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FIG. 6. X-band HYSCORE and matched Q-band HYSCORE spectra
vanadyl pyrophosphate doped into a powder of zinc pyrophosphate hexade
drate. (a) X-band spectrum recorded atB0 = 346.4 mT andνmw = 9.7130 GHz,
with pulse lengthstπ/2 = 16 ns andtπ = 20 ns, andτ = 132 ns. A total of 256
data points are taken in both directions. (b) Q-band matched HYSCORE
trum (B0 = 1.254 T,νmw = 35.29 GHz) obtained with the sequenceπ/2–τ–
match–t1–π–t2–match–τ–echo, withtπ/2 = 12 ns,τ = 148 ns,tmatch= 60 ns,
tπ = 24 ns. A total of 128× 128 data points are measured. The mw field
matched to the phosphorus Zeeman frequency of 21 MHz. A dwell time of
is used in both cases. Ten equidistant contours between 0.02 and 1 are s
with contour level 1 corresponding to the maximum of the largest correla
peak. A polynomial baseline correction, apodization with a Gaussian wind
and zero filling to 512 data points were used in both cases.

21 MHz results in a drastic increase in modulation depth w
the length of the pulses is optimized. The time-domain tr
recorded with the sequenceπ/2–τ–match–t–match–τ–echo,
oth
lized

with tπ/2= 12 ns andtmatch= 60 ns, is shown in Fig. 5b. In the
corresponding spectrum a peak at the phosphorus Zeeman fre-
quency and a doublet at 12 and 31 MHz are observed. The line
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Q-BAND PULSE EP

intensities show a periodic behavior as a function of the len
of the matched pulses. The low-frequency line dominates
spectrum and is maximum fortmatch= 60 ns, whereas the high
frequency line is very weak fortmatch< 45 ns and again close
to maximum fortmatch= 60 ns.

The corresponding matched HYSCORE spectrum show
Fig. 6b was performed with the sequenceπ/2–τ–match–t1–
π–t2–match–τ–echo, withtπ/2= 12 ns, τ = 148 ns, tmatch=
60 ns, andtπ = 24 ns. The correlation ridges appear now
the (+, +) quadrant and are orthogonal to the main diagon
The narrow peak on the diagonal at the phosphorus Zee
frequency is caused by distant phosphorus nuclei.

In the X-band and the matched Q-band HYSCORE spe
shown in Fig. 6, the same data processing and the same
tour levels (0.02–1) have been used. In both cases the peak
plitudes are normalized on their respective maxima. Figur
demonstrates that the signal-to-noise ratio in the matched
band HYSCORE spectrum is as good as the one in the stan
HYSCORE at X-band. A hyperfine coupling of 18.0 MHz h
been determined from the maxima of the correlation ridge
the Q-band spectrum. The slight difference in the X-band d
may be caused by blind spots in the correlation ridges, which
be avoided by recording several spectra with different setti
of the time intervalτ .

Fourier Transform EPR

The experimental examples given above illustrate some
the physical aspects of pulse EPR at Q-band. The next exa
demonstrates that the high mw power, the short mw pulse len
and the broad resonator bandwidth at this frequency band re
in an excellent spectrometer performance for Fourier transf
EPR experiments. The EPR spectrum of the phenalenyl rad
spans a spectral width of about 4.3 mT (121 MHz). The hyperfine
structure is due to two sets of equivalent protons (see inse
Fig. 7), three protons with a coupling of 5.05 MHz, and s
protons with a coupling of 17.61 MHz (35). The integrated cw
room temperature spectrum measured at 35.31 GHz in 10
is shown in Fig. 7. An mw power of 0.5 mW and a modulati
amplitude of 0.01 mT were used. The spectrum consists of se
quartets with intensities close to theoretical prediction1 : 6 :
15 : 20 : 15 : 6 : 1. Thelinewidth of about 0.07 mT is due to the
high radical concentration and the inhomogeneity of the st
magnetic field of about 0.03 mT/cm perpendicular to this fie
Because of the field inhomogeneity, only a small sample volu
(7 mm in a quartz tube with 1.6-mm outer diameter) was us

A rectangular cavity (dimensions 7×3.5×8.6 mm) operating
in the TE102 mode is used for FT-EPR experiments in solutio
The cavity is connected to the waveguide through a fixed
(2.8× 1.5 mm). With this iris dimensions and a Teflon inse
which supports the 1.6-mm sample tube in the cavity, a qua

factor of about 150 is obtained at 35.3 GHz. With a DPPH t
sample, we found that the amplitude of the free induction dec
signal generated by an mw pulse with a length of 2 ns and
R SPECTROMETER 201
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FIG. 7. Integrated Q-band cw EPR spectrum of the phenalenyl radic
solution at room temperature, recorded with an mw power of 0.5 mW, a modu-
lation amplitude of 0.01 mT (100 kHz), a time constant of 0.25 s, and a swee
time of 10 min. The inset shows the structure of the phenalenyl radical. Th
equivalent protons 1, 3, 4, 6, 7, and 9 have a hyperfine coupling of 17.61 MHz
and the three equivalent protons 2,5, and 8 have a coupling of 5.05 MHz (35).

incident power of 100 W decreases by 3 dB when the reson
frequencyν0 is shifted by about 90 MHz from the mw carri
frequencyνmw. This corresponds to an effective bandwidth
the spectrometer in the FT-EPR mode of about 180 MHz. Fo
generation of mw pulses with a length of 2 ns, the mw switch
in Fig. 1 has been replaced by a faster switch with a subnano
ond switching time. The shape of the mw pulse after the T
amplifier is shown in the inset in Fig. 8. Pulse rise and fall tim
of 0.6 ns were measured using an amplitude mw detector
an oscilloscope with 1-GHz bandwidth. The ringing obser
after the pulse is caused by the video circuit.

Magnitude FT-EPR spectra of the phenalenyl radical m
sured atν0−νmw ≈ 0 andν0−νmw ≈ 101 MHz, whereν0 is the
resonance frequency at the center of the spectrum, are sho
Figs. 8a and 8b. The frequency of the cavity was kept cons
during these measurements. The mw frequency was 20
lower in (b) than in (a), to allow for a partial compensation
the lost in excitation/detection efficiency, when the center of
cavity response curve does not coincide with the center o
EPR line. In both cases quadrature detection was used. The
can be observed for approximately 1.5 µs. The decays wer
recorded with a LeCroy oscilloscope with 2.5 GS/s sampling
rate, and an average over 1000 traces was taken during
Data acquisition was started 100 ns after the mw pulse to a
est
ay
an

the accumulation of noise from the TWT. The FT-EPR spectra
nicely reproduce the cw EPR spectrum of the phenalenyl radi-
cal, except for the lines of the outer quartets which are 60 times
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FIG. 8. Magnitude FT-EPR spectra of the phenalenyl radical at 35.3 GHz. (a) The carrier mw frequency coincides with the electron Zeeman freque

center of the spectrum. (b) Microwave and Zeeman frequencies differ by about 100 MHz. The spectra were recorded with an mw pulse of length 2 ns (shown in

s
n

r

ich
hat

ri-
ulse
ly
epth
RE

trate
ri-
mw
ple-
inset) and an incident power of 100 W. Quadrature detection was used. Th
1 kHz and the measuring time was about 30 s. Apodization with a Gaussia

weaker than the strongest line in the spectrum. The FT-E
spectra are slightly asymmetric because of a peculiarity in
shape of the cavity characteristic curve. Nevertheless, Fig
demonstrates that it is possible to measure FT-EPR spect
Q-band within a frequency band of about 120 MHz by using
overcoupled TE102 cavity and short pulses with 100-W inciden
mw power.

CONCLUSION

A high-power pulse EPR spectrometer operating at Q-ba

frequencies is described. The performance of the spectrom
is demonstrated by pulse ENDOR, conventional and match
HYSCORE, and FT-EPR experiments. The chosen experime
e average of 1000 FID signals digitized at 2.5 GS/s was taken. The repetition rate wa
window and zero filling were performed prior to Fourier transformation.

PR
the
. 8
a at
an
t

nd
eter

show, in addition to well-known features, performances wh
are specific for this frequency band. It is demonstrated t
the classical rectangular Q-band resonator, operating in TE102

mode, provides a wide excitation bandwidth in FT-EPR expe
ments, that hyperfine enhancement allows one to perform p
ENDOR of nuclei with low gyromagnetic ratios using relative
short RF pulses, and that even the loss in the modulation d
of ESEEM experiments can be compensated so that HYSCO
techniques can be used at Q-band widely. The examples illus
that virtually all one- and two-dimensional pulse EPR expe
ments that require extended phase cycling procedures, two
frequencies, or matching and decoupling pulses can be im

ed
nts
mented at Q-band making use of all of the benefits of EPR at
high frequencies. Recently, multiphoton echoes where an even
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or an odd number of RF and mw photons is involved have a
been studied with this spectrometer (36).
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