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Multifrequency Probe for Pulsed EPR and ENDOR Spectroscopy
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The design, construction, and performance of a multifrequency
pulsed EPR and ENDOR probe for use at cryogenic temperatures
are described. Interchangeable resonators based on a folded strip
line design allow variation of the resonance frequency over a range
of 5–11 GHz. Variable coupling to the resonator is achieved ca-
pacitively via a simple mechanical adjustment which is thermally
and mechanically stable. The entire assembly is robust and easily
fabricated. Common methods of analyzing the resonator param-
eters such as the Q-factor and coupling coefficient are discussed
quantitatively. Probe performance data and multifrequency pulsed
ENDOR spectra are presented. C© 2001 Elsevier Science

Key Words: EPR instrumentation; pulsed ENDOR; ESEEM; res-
onator; coupling measurement.
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INTRODUCTION

Multifrequency pulsed electron paramagnetic resona
(EPR) involves the acquisition of electron spin-echo envel
modulation (ESEEM) patterns (1) and electron nuclear doub
resonance (ENDOR) spectra (2) as a function of microwave ex
citation frequency. Parametric variation of the EPR freque
and corresponding resonant magnetic field strength, influe
ESEEM/ENDOR spectral characteristics in a way that enha
both the detection of spectral transitions and the determ
tion of electron-nuclear spin Hamiltonian parameters (3). Mul-
tifrequency ESEEM/ENDOR has been used to track the fi
dependent spectral frequencies to determine accurately nu
spin coupling constants (4), increase the ESEEM amplitude
coupled nuclei and therefore increase signal-to-noise ratios5),
and vary spectral linewidths to maximize spectral informat
content and to overcome the limitations imposed by instrume
deadtime (6).

The range over which the EPR frequency may be usef
varied normally lies outside the bandwidth of the microwa
resonant structure and potentially outside the bandwidth of
ical spectrometer components. The requirement for excita
and detection over a range encompassing several GHz ha
to a continuing effort to develop spectrometers and microw
resonators which facilitate multifrequency operation.
1 To whom correspondence should be addressed. E-mail: navdievi@aec
yu.edu.
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The pulsed EPR method imposes specific demands on
crowave resonators used to confine the alternating magn
field required for electron spin nutation. The features of gr
importance are a low-loaded quality factor (QL) and a high fill-
ing factor (η). A low QL establishes the high time resolutio
(∼100 ns) of the method by decreasing the measurement
time due to the cavity ringing and increasing the cavity ba
width (1ω = ω0/QL) to admit narrow (10–100 ns) microwav
pulses. The high filling factor maximizes sensitivity and m
imizes the applied power required to obtain optimal spin fl
angles. Several types of microwave structures satisfying thes
quirements have been described (including their potential an
actual implementation as multifrequency devices): slotted t
(STR) (7), loop-gap (LGR) (8–10), bridged loop-gap (BLGR)
(11), dielectric (12), strip line (13), folded strip line (14), and
transmission line (15) resonators. Another important aspect
microwave cavity design is the coupling mechanism. For
majority of pulsed EPR applications, it is well known that t
low QL should be obtained by overcoupling rather than by s
ply decreasing the unloadedQU value (16, 17). The coupler
should be thermally and mechanically stable and provide s
cient dynamic range to reach overcoupling. A broadband co
ial coupler in combination with an antenna loop is common
used to introduce microwave power into ST and LG resona
(8, 10, 11). A drawback of this type of coupling is suscep
bility to vibration, which can make inductive coupling unre
able when used at low temperatures. Waveguide coupling13,
14, 18), which is intrinsically robust, limits the system ban
width. Here we describe a multifrequency ESEEM/ENDO
probe whose resonant frequency can be precisely and e
set in the range of 5–11 GHz and which provides stable,
motely adjustable capacitive coupling over a temperature ra
of 2–300 K.

PROBE DESIGN AND CONSTRUCTION

To meet the demands of lowQL, high η, stable coupling,
and multifrequency capability, we based the probe design
the folded half-wave resonator described by Linet al. (14). This
resonant structure consists of a slotted ring with a circumfere
equal toλ/2. In contrast to an LGR, the resonance frequency
this resonator is almost entirely determined by the length of
8
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MULTIFREQUENCY PUL

strip and does not depend on the gap size. Certainly this typ
resonant structure lacks a well-defined separation of electric
magnetic components of the microwave field (a major advan
of LGR), which makes it inappropriate for studies involvin
polar liquid state samples. However, ESEEM and ENDOR
commonly performed on frozen solution samples at cryoge
temperatures, conditions under which the dielectric loss of
sample is not a significant factor. As has been described (14) the
resonator has a high filling factor and an unloadedQU of about
1000. These features together with the ease of construction
frequency adjustment make this resonator very attractive for
in multifrequency pulsed EPR experiments.

The limited space of an immersion liquid N2/He dewar and
the requirement of significant bandwidth led to the choice o
coaxial coupling mechanism. As noted above, low tempera
conditions of liquid cryogen immersion systems require a h
degree of thermal and mechanical stability of this microw
coupling scheme.

Figure 1 illustrates the design of the pulsed EPR probe.
folded strip line resonator was cut from aluminum or silver fo
placed on the top of a Teflon holder-A, and fastened by wrapp
with a thin strip of Teflon tape. The vertical size of the me
strip measures 6 mm. The holder, with the resonator attache
inserted into a cylindrical gold-plated brass microwave shi
which acts as a waveguide beyond cutoff and suppresses a
desirable modes. Gold plating over silver plating was use
eliminate an artifact signal nearg = 2 produced by the bras
microwave shield. The holder-A is attached to a stainless s
tube, which serves as a sample guide and allows the exchan
samples during an experiment. The inner diameter of the s
ple guide tube (5.3 mm) is large enough to accommodate sa
tubes up to 5 mm in size, which can be used for lower (C-ba
frequency experiments. A stainless steel tube of larger diam
(o.d. 9.5 mm) is placed over the sample guide tube and atta
to the cover brass flange to protect against mechanical st
Microwave power is introduced into the resonator using cop
(o.d. 0.25 in. and 0.141 in.) and stainless steel (o.d. 0.141
semi-rigid coaxial cables connected to an SMA female elb
receptacle connector which, in turn, is attached to the microw
shield. The coaxial line running the length of the probe cons
of three separate pieces with a central stainless steel the
conductivity block section for the purpose of decreasing h
leakage. The central conductor of the receptacle connecto
tends into the microwave shield and provides capacitive c
pling to the strip line resonator. Rotation of the stainless s
sample guide tube at the top of the probe changes the pos
of the folded strip with respect to the central conductor and t
varies the coupling to the resonator. Four possible position
the strip corresponding to no coupling (β = 0), critical coupling
(β = 1), and overcoupling (β > 1) are shown in Fig. 2. The cou
pling mechanism can be depicted as two capacitors conne

the central conductor to each end of the inductive loop. Wh
these capacitors are equal the coupling is minimized (Figs.
and 2B).
SED EPR/ENDOR PROBE 179
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2AFIG. 1. (A) Longitudinal cross section of the lower part of the pulsed EPR
probe. (B) Diagram of the entire pulsed EPR probe.



N

u

t

d

t
u
p
n

-

r

a
e
le
e
i

t

o
s
ave

an

ges

el.
he

ve

and

For
-
B.
tion

ero

ring
m-
s-

ns.
for
an

be

ler,
At
la-
in
a

h
can accommodate sample tubes from 3.8 up to 5 mm. Figure 4
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FIG. 2. Four positions of the folded strip with respect to the central cond
tor of the coaxial coupler corresponding to: (A) and (B) no coupling (β = 0),
(C) critical coupling (β = 1), (D) overcoupling (β > 1).

PROBE PERFORMANCE

The evaluation of resonator parameters and the adjustm
of resonator coupling were done using an extension of a w
known procedure which requires no equipment other than
already used in the pulsed spectrometer and which can be
formed during experiments without the redirection of microwa
input or output (17, 19, 20). Other methods for evaluating an
adjusting resonatorQU, QL, and the coupling coefficientβ re-
quire the use of an expensive network analyzer, and the coup
adjustment requires at least a microwave sweep oscillator. W
both of these setups, the microwave input or output mus
redirected from the path taken during normal operation, req
ing additional microwave components and potentially corru
ing the tuning process; the following technique requires o
a fast oscilloscope (>200 MHz) which is typically part of the
spectrometer. Although aspects of this tuning procedure h
been previously described (17, 19, 20), we include here a de
tailed discussion which incorporates a set of equations first
rived by Ivannikovet al. (19) which are useful in resonato
evaluation.

Figure 3 illustrates the magnitude of the reflected microw
power after the introduction of the pulse shown in Fig. 3A wh
the resonator is critically coupled (Fig. 3B) and overcoup
(Figs. 3C and 3D). It is clearly seen from the figure that the r
onator behaves like a short circuit immediately after introduct
of the microwave pulse and reflects the incident wave back
ward the microwave source. Then power starts to penetrate
the resonator and the reflected power decreases exponen
At equilibrium, corresponding to the middle part of the puls
there is no net reflection since at critical coupling the resona
impedance matches the characteristic impedance of a waveg
or a coaxial line. When the microwave source is switched
oppositely phased radiation is reflected which correspond
power stored in the resonator and dissipated into the microw

line. (Because the diode detector is phase insensitive the ph
change is not detected in the data displayed in Figs. 3B–3D. T
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appearance of oppositely phased radiation is marked with
arrow.) At overcoupling (β > 1, Figs. 3C and 3D), the reflected
power increases initially (short circuit), then decreases, chan
phase after crossing the zero point at timet1, and increases (in
absolute magnitude) again until it reaches its equilibrium lev
The curves shown in Fig. 3 are easily recognized during t
tuning process. As derived in Ref. (19) and discussed in the Ap-
pendix of this work, the power time dependence of the wa
propagating back from the resonator (Pb) for the two dynamic
processes corresponding to turning the microwave source on
off can be described by

Pb,on(t) = Pg

(
2β

β + 1
e−ωt/2QL + 1− β

1+ β
)2

[1]

Pb,off (t) = Pg
4β

(β + 1)2
e−ωt/QL [2]

QL = QU

β + 1
,

wherePg is the microwave source power andQL and QU are
loaded and unloaded resonator quality factors, respectively.
the critical coupling case (β = 1) both equations become equiv
alent and we obtain two identical curves as shown in Fig. 3
Using these equations we can measure the resonator radia
damping time constantτR = QL/ω and calculate theQL value.
From Eq. [1] it can be derived that for the case ofβ > 1 timet1
corresponding to the moment when reflected power equals z
is

t1 = 2QL

ω
ln

2β

β − 1
. [3]

Now measuringt1 from the first andτR from the second parts
of the curve shown in Fig. 3C bothQU andβ can be calculated,
even at overcoupling.

The entire measurement procedure can be performed du
pulsed EPR operation without the rearrangement of spectro
eter components and is useful for tuning and optimizing re
onator characteristics for a given set of experimental conditio
For maximum echo amplitude in a pulsed EPR experiment
the case of broad inhomogeneous EPR lines, Mims derived
approximate conditionQL/ω = tp/4, with tp being a mw pulse
width (21). Using this equation, a spin-echo experiment can
optimized by changingQL (via variation ofβ) andtp.

The entire probe, including resonator and associated coup
is very robust and does not suffer from microphonic effects.
the same time it has a simple design with parts that are re
tively easy to fabricate. The range of available frequencies
the present configuration extends from 5 to 11 GHz using
set of different size Teflon resonator holders-A (Fig. 1A) whic
ase
he
shows the dependence of the resonance frequency on the strip
length for the 4- and 5-mm i.d. resonator assemblies (resonators
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FIG. 3. Microwave dynamic radiation processes in the strip line resonator after introduction of a rectangular pulse. (A) The time dependence of th
microwave signal. (B) The time dependence of the reflected microwave signal propagating back towards the source at critical coupling (β = 1, τ = 12.2 ns,

resonance frequency equal to 7.16 GHz) as shown in Fig. 2C. (C) The time dependence of the reflected microwave signal propagating back towards the microwave
source at overcoupling (β = 3.9, τ = 5 ns) as shown in Fig. 2D. (D) The same conditions as (C) but with a larger coupling coefficient (β = 7, τ = 3 ns,
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7.07 GHz). The measuredQU value was 1100.

mounted in 4- and 5-mm i.d. Teflon holder-A). All resonant f
quencies were measured at room temperature with quartz 4
5-mm EPR tubes inserted into the cavities. The available
quency range for the 4-mm resonator assembly extends fro
to 11 GHz. Using the 5-mm-i.d. holder helps to decrease
lower limit to 5 GHz. At frequencies lower than 8 GHz (str
length more than 13 mm) the frequency dependence of the 4
assembly becomes nonlinear, which is probably caused by
end-to-end capacitance. Filling the EPR tube with water and

creasing the temperature to 4.2 K lower the resonant freque
by about 200–400 MHz. To reach frequencies higher th
∼11 GHz, the strip length must be made too short to obta
-
and
re-

6
he

m
the
de-

acceptable filling factors and field homogeneity with 4-mm E
tubes. This determines the upper frequency limit for the 4-m
resonator assembly. To make higher frequencies accessib
is possible to use sample tubes and corresponding holde
smaller diameter which restore acceptable filling factors a
field homogeneity. The only change required is the construc
of a smaller diameter Teflon holder-A (Fig. 1A) with the rest
the probe unaltered.

Figures 5A and 5B show the frequency dependence of

ncy
an
in

characteristic resonator radiation damping time constantτR and
correspondingQL values for a series of resonators measured us-
ing the procedure described above. The resonators were mounted
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on Teflon holders with inner diameters of 4 (d) or 5 mm (m). A
diode detector was used which was confirmed to have a lin
response at the low incident microwave powers used in th
measurements. The measuredτR values vary from 17 to 2 ns
However, the leading and falling edges of the incident mw pu
have time constants of approximately 2 ns, and thus the va
of τR determined at frequencies higher than 9.5 GHz (4-m
holders) were constrained by this limit.

The unloadedQU was measured at room temperature to
900–1200 over the entire frequency range of the probe.
simple capacitive design allowed variation of the coupling c
efficientβ between a minimum of 0 and a maximum of 9 f
the resonators tested. The maximum achievable coupling
dependent on both the resonator strip length and the diam
of the Teflon holder-A. For frequencies greater than 9 GHz,
maximum coupling of 9 could be achieved with the smaller
ameter holder-A, producing the minimum measuredQL (100)
and τR(2 ns) values (Fig. 5,d). As the frequency of the res
onators was decreased by increasing the strip length, the m
imum achievable coupling decreased, producing higher va
of QL andτR.This is because as the strip length increases,
ends of the strip become closer together on the Teflon ho
and thus restrict the range over which the resonator can be
tated to adjust the coupling (Fig. 2). The coupling maximu
can be increased (and the correspondingQL andτR values de-
creased) at the lower frequencies by mounting the resonato
a larger diameter Teflon holder-A, which produces a larger s
aration of the resonator ends and increases the coupling r
(Fig. 5,m). The upper frequency limit for this 5-mm resonator a
sembly, about 8–8.5 GHz, is determined by the filling factor a
field homogeneity degradation as the strip length is decrea
(see above).
FIG. 4. The dependencies of the resonant frequencies of the 4- (d) and
5-mm (m) strip line resonator assemblies on their strip lengths.
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FIG. 5. The resonant frequency dependencies ofτ and QL measured for
the 4- (d) and 5-mm (m) strip line resonator assemblies.

The resonator conversion factor3 is defined as3 = B1/
√

P,
whereB1 is the amplitude of the microwave magnetic field
the laboratory reference frame andP is the power applied a
the resonator. The value of3 was measured to be 4(G/

√
W)

at 9.1 GHz for the 4-mm resonator assembly, which comp
favorably with other resonator designs. Experiments indic
that3 does not deviate substantially from this value until t
resonance frequency reaches the upper limit of 11 GHz for
diameter holder.

PULSED ENDOR
For pulsed ENDOR experiments the design was modified to
accommodate an RF coil. The coil wound of 30-gauge silver wire
was mounted on top of the Teflon holder-B which is 11 mm in
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diameter and held in place by Teflon heat shrink tubing. T
coil consists of 12 turns put in grooves threaded at 44 thre
per inch on the Teflon surface. Two 6-turn sections of the
are separated by 2.5-mm clearance for the central wire o
capacitive coupler to insert. The inductance of the coil in
presence of the microwave shield measured 0.8µH and the self–
resonance frequency of the coil measured at the same cond
was about 95 MHz. To prevent attenuation of the RF field
eddy currents, the microwave shield consisted of two vertic
cut pieces with no electrical contact between them. With a
(about 0.1 mm) Teflon film inserted between the shield ha
the measured capacitance was 17 pF, which presents a
circuit for a microwave (∼9GHz) current and a substantial r
sistance for an RF (<100 MHz) current. As a result of cutting th
microwave shield, theQU of the resonator decreased by abo
35–40%. There was also a measured RF field decrease of
35–40% due to eddy currents in the microwave shield. To e
mate the amplitude of the RF field we ran a Mims type ENDO
experiment at room temperature, 9.5 GHz using BDPA (α,γ -
bisdiphenylene-β-phenylallyl) radical doped into polystyren
as a test system. From the RF pulse length (14µs) correspond-
ing to the 180-degree proton pulse we estimated the ampli
of the RF field to be 8 G in therotating reference frame with
200 W RF power applied using the matching network descri
below.

The RF power feed consisted of a single stainless steel c
ial cable (o.d. 141 in.) of 100-cm length with its central w
connected to the one-coil terminal. The shield of the coax
connected to the resonator body serving as a ground term
The matching circuit we used (22) is shown in Fig. 6. The re
sistors and capacitors were mounted outside the cryostat a
top of the probe. With a capacitance value of 400 pF the in
impedance deviation was less than 20% up to 30 MHz. Meas
ments were done using an HP4815A RF vector impedance
ter. Since the RF amplifier (200L Amplifier Research, 200 M
bandwidth, 200 W output power) is tolerant to 100% m
match, it can be beneficial to use no matching at all. In
case one could get as much as twice the RF field (up to 1
in the rotating reference frame). However, a slowly decay
reflected wave randomly modulates the echo phase due t
presence of the RF field component parallel to the constant m
netic field. To avoid this effect, the RF pulse must be mov
FIG. 6. The RF coil matching network used in pulsed ENDOR experimen
SED EPR/ENDOR PROBE 183

he
ads
oil
the
he

tions
by
lly

hin
ves
short
-

e
ut
bout
sti-
R

e

ude

ed

oax-
re

as
inal.

t the
put
ure-
me-
z

is-
his
6 G
ing

the
ag-
ed

FIG. 7. Multifrequency Mims-type ENDOR spectra of Cu(II) impurity in
single crystal of GlyGly. Experimental parameters for all spectra: temperatu=
4.2 K; 90◦ EPR pulse width= 20 ns; RF pulse length= 9.4 µs; RF power
∼200 W; repetition rate= 60 Hz; RF frequency increment 20 kHz. (A)νepr=
10.11 GHz;τ = 300 ns; magnetic fieldB0 = 353.9 mT; the spectrum is an
average of 5 scans with 30 echoes averaged per point. (B)νepr = 8.95 GHz;
τ = 270 ns;B0 = 315.7 mT; average of 5 scans with 30 echoes averaged
point. (C)νepr= 6.46 GHz;τ = 300 ns;B0 = 230.8.7 mT; average of 8 scans
with 30 echoes averaged per point.

away from the microwave pulse and the echo signals. Thi
inconvenient for those experiments where it is useful to ap
short 180-degree RF pulses. Thus, depending on the experi
tal conditions required, the RF may be provided either with
without a matching network.

A set of multifrequency Mims-type pulsed ENDOR spec
from a Cu(II) impurity in a single crystal of GlyGly is displaye
in Fig. 7. The peaks in the spectra are derived from hyper
coupling to both hydrogen and nitrogen, and thus their frequ
cies exhibit different EPR excitation frequency dependence (
corresponding static magnetic field dependence) which can
in their spectral assignment.

SUMMARY

The design, construction, and performance of a multif
quency pulsed EPR/ENDOR probe have been presented.
primary benefits of the probe include robust, easily adjusta
capacitive coupling, which allows the achievement of optim
QL values for pulsed experiments; simplicity of construction
broad EPR excitation frequency range of 5–11 GHz; and inc
poration of ENDOR capabilities without significant degradati
of resonator characteristics.

APPENDIX

Equation [1] was obtained rigorously from the first princ
ts.

incorporating a basic assumption not made in Ref. (19) we ob-
tain a simpler derivation which provides physical insight into
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the dynamic processes of the reflected microwave pulse po
This assumption is that the growth and decay of the field ins
of the resonant cavity during (Ec,on) and after (Ec,off ) the intro-
duction of a microwave pulse follow exponential behavior, su
that

Ec,off = Eoe−t/τR

Ec,on = Eo(1− e−t/τR).

To determine theE0 value let us consider the equilibrium con
ditions

Pg = Pb+ Pin, Pb = 02Pg, 0 = 1− β
1+ β

in which Pg is source power,Pb is the reflected power,Pin is
the power admitted into the resonator, and0 is the reflection
coefficient. From these equations we obtain

Pin = Pg(1− 02) = Pg
4β

(1+ β)2
.

AssumingP ∼ αE2, whereα is an arbitrary proportionality
coefficient, we obtain the time dependence forPin andEc inside
of the cavity:

Pin(t) = Pg
4β

(1+ β)2

(
1− e−t/τR

)2
, Ec,on(t) =

√
Pin(t)√
α

.

To obtain the time-dependent reflected powerPb,on(t) we take
into account

Pb,on(t)=α(Eg− Eout(t))
2, Pout(t)= βωU (t)

QU
,

U (t)= Pin(t)QU

ω

in which Eout is the field in the waveguide after the microwav
source is switched off,U is the energy stored in the cavity, an
Pout = αE2

out. After some algebra we obtain

Pb,on(t) = Pg

(
2β

1+ β e−t/τR + 1− β
1+ β

)2

.
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