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Abstract Uniform field (UF) resonators create a region-of-interest, where the

sample volume receives a homogeneous microwave magnetic field (B1) excitation.

However, as the region-of-interest is increased, resonator efficiency is reduced. In

this work, a new class of uniform field resonators is introduced: the uniform field re-

entrant cylindrical TE01U cavity. Here, a UF cylindrical TE01U cavity is designed

with re-entrant fins to increase the overall resonator efficiency to match the res-

onator efficiency maximum of a typical cylindrical TE011 cavity. The new UF re-

entrant cylindrical TE01U cavity is designed for Q-band (34 GHz) and is calculated

to have the same electron paramagnetic resonance (EPR) signal intensity as a TE011

cavity, a 60% increase in average resonator efficiency Kave over the sample, and has

a B1 profile that is 79.8% uniform over the entire sample volume (98% uniform over

the region-of-interest). A new H-type T-junction waveguide coupler with inductive

obstacles is introduced that increases the dynamic range of a movable short coupler

while reducing the frequency shift by 43% during over-coupling. The resonator

assembly is fabricated and tested both on the bench and with EPR experiments. This

resonator provides a template to improve EPR spectroscopy for pulse experiments at

high frequencies.
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1 Introduction

With the introduction of uniform field resonators for electron paramagnetic

resonance (EPR) spectroscopy [1–4], a cavity can be designed to have a microwave

magnetic field (B1) strictly uniform over a region-of-interest of any length.

However, as one increases the length of the region-of-interest, the resonator

efficiency is lowered due to the reduction of stored energy within the cavity volume.

By extending the uniform field concept to loop-gap resonators (LGR) [5], it became

possible to design resonators with both high efficiency and uniform field

distributions [6].

Yet, as one designs higher frequency LGR, the sample loop diameter must be

significantly reduced to lower inductance and/or the number of gaps must be

increased to lower capacitance [6–8]. The sample loop diameter imposes a limit on

the capillary size and sample volume, potentially limiting concentration sensitivity.

This limit is not present in typical cavities, such as the cylindrical TE011 with a

capillary sample, where a broad sample volume optimum exists [9].

In this work, we introduce a uniform field (UF) re-entrant cylindrical TE01U

cavity for Q-band (34 GHz) pulse EPR spectroscopy, as illustrated in Fig. 1. Re-

entrant geometries are defined as waveguide structures, where perturbations are

placed in regions of large electric field to lower the cut-off frequency of the

waveguide and increase the stored energy of the cavity [10, 11]. In a cylindrical

waveguide, for a fixed cut-off frequency, the diameter of the waveguide is decreased

as the re-entrant perturbations are extended into the electric field. If one was to make

a re-entrant cavity by placing a shorted top/bottom on the waveguide and the

resonant frequency is held constant, the stored energy of the cavity would increase

A B

C

Fig. 1 a Half-structure resonator assembly CAD drawing showing the brass resonator (gold), brass end
plates (grey), Rexolite end sections (blue), and copper waveguide (light grey). The waveguide H-type
T-junction coupler with inductive obstacles and brass movable short is also illustrated. The re-entrant
geometry is further detailed in b the top view, showing the re-entrant fins and dual-slot iris, and c the side
view, showing the 10 mm uniform field region-of-interest
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as the re-entrant perturbations are increased. When sufficiently close, the re-entrant

perturbations behave like plate capacitors. In fact, an LGR can be considered a

highly re-entrant waveguide operating at cutoff. It is the geometric space between

cavities and LGRs that the re-entrant geometry explores.

In the present design, four 2 mm re-entrant fins are extended into a UF

cylindrical TE01U cavity, as shown in Fig. 1b, and the UF region-of-interest is

elongated to 10 mm, as shown in Fig. 1c. This geometry provides an enhanced

efficiency parameter, increased EPR signal intensity, and a uniform B1 field along

the sample volume.

In general, UF resonators exhibit a number of advantages compared to traditional

cavities. Typically, a cavity geometry has a cosine dependence of the microwave

magnetic field in the transverse z-direction. With a UF resonator, a region-of-interest is

designed to be strictly uniform and can be extended beyond a half-wavelength. Uniform

field resonators (1) provide better quantitative measurements reducing the need to

calibrate the resonatorB1 profile [12]; (2) allow the region-of-interest to be extended to

provide a larger sample volume, increasing the EPR concentration sensitivity; (3) can

perform reliable continuous-wave (CW) saturation studies [13] and more reliable T1

measurements using saturation recovery; (4) can be used in pulse experiments with the

need for coherent pulses (such as ESEEM/HYSCORE, DEER, and ELDOR-detected

NMR) and provides a more uniform B1 excitation along the entire sample volume

[14, 15]; and (5) provides uniform excitation for arbitrary-waveform generator

(AWG)-shaped inversion pulses [16, 17] and frequency sweeps [18].

In addition, an H-type T-junction waveguide coupler with inductive obstacles is

used to couple from the transmission waveguide to the resonator, as shown in

Fig. 1a. The introduction of the inductive obstacles increases the dynamic range of a

movable short coupler while reducing the frequency shift during matching. A dual-

slot iris is employed to lower the stored energy of the iris and minimize B1

perturbations along the sample volume [6].

The resonator assembly is fabricated and tested both on the bench and with EPR

experiments. Experimental bench test measurements of the resonator characteristics

are provided and compared to computer simulations. The B1 profile is measured on

the bench using the method of perturbing spheres.

2 Methods

Finite-element simulations were performed on a Fujitsu workstation with dual eight-

core Xeon E5-2640 2.60 GHz processors with 15 MB of L2 Cache per chip and

124 GB of system DDR4 RAM. A RAM drive was set up with 16 GB of RAM. The

temporary directory and simulation files were stored in the RAM drive to reduce

hard-drive bottlenecks. This system has been optimized for simulations with new

versions of ANSYS (Canonsburg, PA, USA) High-Frequency Structure Simulator

(HFSS; v. 18.2) and are able to take advantage of all 16 CPUs during finite-element

modeling matrix solving. The operating system was Windows 7 64 bit. The eigen-

mode and driven-mode solvers were used and typical simulation times were 15 min.

All simulations were performed around 34 GHz.

Uniform Field Re-entrant Cylindrical… 1303

123



EPR signal intensity and resonator efficiency values were calculated using

ANSYS HFSS [19] and tabulated for comparison with typical resonator geometries,

such as the cylindrical TE011 cavity [20]. Two EPR signal conditions are calculated:

signal unsaturable (Su) and signal saturable (Ss). In continuous-wave (CW)

experiments, signal unsaturable is defined as the EPR signal intensity at constant

incident power, while signal saturable is defined as the EPR signal intensity at

constant B1. For pulse experiments, signal saturable is proportional to the EPR

signal intensity. A 2.8 mm OD and 1.8 mm ID quartz capillary (QSIL GmbH,

Ilmenau, Germany) with ice sample (�r ¼ 3:17 � i0:0035 [21]) was used in the

simulations.

To better assess the uniformity of the B1 field, we define the resonator efficiency

as an average over the sample volume:

Kave ¼
R
B1r dV

ðPs þ Pw þ PeÞ1=2
V

½mT=W1=2�; ð1Þ

where B1r is the clockwise (or counter clockwise) rotational component of the linear

B1 field perpendicular to the static magnetic field, in millitesla, integrated over the

sample volume, V [6]. The power loss in the system for the sample, resonator walls,

and Rexolite end sections is defined as Ps, Pw, and Pe, respectively. The efficiency

parameter Kmax, as introduced by Hyde et al. [22], is defined as

Kmax ¼ MaxðB1rÞ
ðPs þ Pw þ PeÞ1=2

½mT=W1=2�; ð2Þ

where Max(B1r) is the maximum B1r in the sample (typically in the center of the

cavity) and is assumed to be uniform over the sample volume. The Kave-to-Kmax

ratio can be used as a metric to the uniformity of the resonator [6]. In this work, we

defined the B1 profile uniformity as

DB1 ¼ Kmax � Kavej j
Kmax

� 100%: ð3Þ

After the resonator geometry is simulated, it is transferred to the 3D CAD software

tool AutoDesk Inventor Professional, where the manufacturing details and

geometric dimensions and tolerances are added. The model makers at the Max

Planck Institutes for Chemical Energy Conversion and Kohlenforschung (Mülheim,

Germany) performed the fine-mechanics tooling and die-sink electric discharge

machining (EDM) manufacturing needed to fabricate the assembly. The prototype

UF re-entrant cylindrical TE01U cavity was fabricated from brass for the resonator

body and end-caps. The end sections were manufactured out of Rexolite plastic.

Geometric STL files are provided at the Act-EPR website (http://www.act-epr.org).

Resonator characteristics, such as the frequency measurements, Q0 value, over-

coupling profiles, and sample frequency shifts, were performed on an Agilent

8722ES (now Keysight Technologies; Santa Rosa, CA, USA) vector network

analyzer. A 2.8 mm OD and 1.8 mm ID quartz capillary (Vitrocom; Mountain

Lakes, NJ, USA) was filled with polystyrene (PS) and a small (0.5 mm diameter)

metallic probe was used as the test sample for the method of perturbing spheres. The
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method of perturbing spheres measures the increase in the microwave frequency as

the metallic probe is stepped through the cavity volume. The size of the metallic

sphere is chosen, so the overall frequency shift was less than 100 MHz.

To further test the B1 field uniformity, a nutation experiment was performed on a

Bruker E580 spectrometer with a home-built transceiver accessory operating at Q-

band with 10 W of total power. The nutation experiment consists of an initial

preparation pulse of varying length (sn), fixed delay (t1 of 5000 ns), and a two-pulse

detection. The pulse length sn was stepped by 4 ns over 2048 steps and a two-pulse

detection echo was recorded [14]. The two-pulse detection echo was configured

with a 60 and 120 ns pulse with a delay t2 of 300 ns. The integration of the echo was

recorded. The sample consisted of 0.1% a,c-bisdiphenylene-b-phenylallyl (BDPA)

by weight in polystyrene (PS) and was placed in a 2.8 mm OD and 1.8 mm ID

quartz capillary. Two samples were used. The first extended the entire length of the

cylindrical TE011 and re-entrant TE01U cavity length. The second was a 9.5 mm

sample to place in the 10 mm region-of-interest of the UF re-entrant TE01U cavity.

The data were background subtracted in Xepr with a first-order (1 þ x) polynomial.

3 Design

3.1 Re-entrant TE01U Cavity

The cylindrical TE011 cavity is a standard cavity for Q-band systems. The high Q0

value and sample volume make it a good general-purpose resonator. However, for

pulse experiments, the B1 field variation is 50.9% over the cavity volume. The

normalized B1 field for a cylindrical TE011 cavity is shown in Fig. 2 as a dashed

line. In a TE011 cavity, when a 90 or 180� pulse is applied, a significant portion of

the spins in the sample volume is either over or under excited.

Fig. 2 Ansys HFSS simulation showing normalized B1 field of the cylindrical re-entrant TE01U (solid)
compared to the cylindrical TE011 cavity. Dotted lines mark the region-of-interest of the cylindrical re-
entrant TE01U cavity
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If one designs a UF cylindrical TE01U cavity with a region-of-interest of 10 mm,

as described in Refs. [1, 2], the B1 variation over the cavity volume is reduced to

20%. However, the overall Kmax is reduced by 39% compared to a TE011 cavity, due

to the decrease in stored energy in the entire cavity volume. A solution to increase

the resonator efficiency is to introduce re-entrant fins, as shown in Fig. 1b, where

the electric field is concentrated, as shown in 3a, and results in a Kmax decrease of

11%, but an overall Kave increase of 59.6%. The calculated resonator characteristics

of the proposed UF re-entrant TE01U cavity and comparison to a TE011 and UF

cylindrical TE01U cavity are found in Table 1.

Using Ansys HFSS, a UF re-entrant TE01U cavity is designed by the following

procedure: (1) an eigen-mode solution of the central section with sample is

simulated with a perfect magnetic field boundary condition. This provides the

resonant frequency of the central section at cutoff with sample. (2) The region-of-

interest is extended to 10 mm and Rexolite end sections are added to the simulation

at a nominal height. (3) The end sections are varied until the eigen-frequency

matches the cut-off frequency. (4) An iris is introduced and the end sections are

A

B

Fig. 3 Ansys HFSS simulation showing the microwave a electric and b magnetic fields of the uniform
field re-entrant cylindrical TE01U cavity. Each iris is 0.2 mm wide and extends over the entire waveguide
length
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adjusted to accommodate the frequency shift. (5) Once completed, the resonator is

imported into AutoDesk Inventor and prepared for fabrication.

By properly matching the end sections, a uniform B1 field can be realized, as

illustrated in Fig. 3b. The normalized B1 field profile is shown in Fig. 2 as a solid

line. In the 10 mm region-of-interest, the B1 field profile is 98% uniform.

As shown in Fig. 1c, the re-entrant fins do not extend fully into the end-section

region. This design choice causes the end section to be electrically larger (shorter

wavelength, kg) and reduces the end-section size needed to produce the matching

criteria for the region-of-interest. Since the end sections are electrically larger, the

roll-off is steeper compared to the re-entrant section. Decreasing the roll-off region

of the resonator minimizes the sample volume that is excited by non-uniform fields.

3.2 Dual-Slot Iris Design

A dual-slot iris was designed to couple the UF re-entrant TE01U cavity. The use of

dual-slot irises reduces B1 perturbations due to the stored energy in the iris. For UF

resonators, the dual iris also reduces coupling to higher order modes that may exist

because of the large length of the region-of-interest [6]. The size of a single

capacitive iris needed to couple the resonator was 0.45 mm. A dual-slot iris with

0.2 mm thickness each was needed to achieve the same coupling. The geometry is

shown in Fig. 1a, c and the electric field profile in Fig. 3a.

3.3 Waveguide H-type T-junction Coupler with Inductive Obstacles

In order for the resonator assembly to fit in a 40 mm diameter cryostat, an H-type T-

junction coupler was implemented with a sliding short matching system. This

sliding short is typical for a Q-band TE011 cavity and provides a robust coupling

method for room temperature to sub-10 K measurements [20]. Typically, coupling

to a TE011 cavity is performed by introducing an iris to the H-plane sidewall of the

transmission waveguide. However, due to the oversized end sections, a coupling

waveguide of 5.07 mm length is introduced perpendicular to the transmission

waveguide, as illustrated in Fig. 4a.

Table 1 Ansys HFSS simulated resonator characteristics

Geometry Cyl. TE011 D/L = 1 UF Cyl. TE01U UF TE01U re-entrant

Frequency 34.3 34.5 34.1

Q0-Value 13000 5900 1880

Signal, Su 1 0.73 1.06

Signal, Ss 1 0.83 1.18

Kmax (mT/W1=2) 1.06 0.65 0.94

Kave (mT/W1=2) 0.52 0.52 0.83

DB1 50.9% 20% 11.7%
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Three features describe an H-Type T-junction coupler: (1) the H-type T-junction

coupler is similar to the H-arm of a magic-Tee coupler [10, 11]. (2) The coupling

waveguide is at least kg/2 in length. (3) To maximize coupling, an ‘‘inductive

obstacle’’ the sub-wavelength H-type T-junction is introduced to the transmission

waveguide. The ‘‘inductive obstacle’’, described in Ref [11] as a ‘‘Window Formed

by One Obstacle’’, is introduced to the H-plane around the coupling waveguide and

extend 1 mm into the transmission waveguide, as illustrated in Fig. 4a. This

inductive obstacle creates a favorable geometry for electric field coupling and

increases the coupling efficiency.

Plotted in Fig. 4b is the simulated coupling efficiency transmission can be

calculated using an overlap integral [23] of the two electric fields and is defined as

g ¼
R
Et � E�

c dA
�
�

�
�2

R
Etj j2dA

R
Ecj j2dA

; ð4Þ

where Et � E�
c represents the electric field coupling over the waveguide interface area

between the electric field of the transmission waveguide (Et) and the coupling

waveguide (Ec) at the interface area A, shown as a dotted line in Fig. 4a.

The coupling efficiency between port 1 at the transmission waveguide and port 2

at the coupling waveguide is shown in Fig. 4b, where the coupling efficiency

without the waveguide perturbations (solid) and with 1 mm perturbations (dashed)

is plotted. Three frequencies (33.5, 34, and 34.5 GHz, light grey, black, and dark

grey, respectively) are used to show the frequency dependence. Lower coupling

efficiency under-couples the resonator. The resonator is critically coupled when the

movable short is around 3.5 mm depth at 34 GHz and maximum over-coupling

occurs at 5 mm. The waveguide H-type T-junction coupler with the perturbation

illustrates a more dynamic range in coupling for the same distance and a flatter

response for maximum over-coupling with a 1 GHz frequency range. To produce

the same coupling range without the waveguide perturbations, the iris must be 25%

larger. A larger iris leads to inhomogeneity of the B1 field around the iris and in the

region-of-interest.

A B C

Fig. 4 a Waveguide H-type T-junction coupler geometry with perturbations showing the transmission
waveguide, coupling waveguide, and movable short. b Ansys HFSS simulations showing the coupling
efficiency without (solid) and with 1 mm perturbations (dashed) for three frequencies (33.5, 34, and
34.5 GHz, light grey, black, and dark grey, respectively). c Simulations showing the reflection coefficient
S11 without (solid) and with 1 mm perturbations (dashed) at various depths of the movable short (coupled
and over-coupled; 3.5 and 5 mm). Operating frequency is 34.09 GHz
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The UF re-entrant TE01U cavity is designed to be over-coupled. Shown in Fig. 4c

is the effect of the movable short on the reflection coefficient S11 of the UF re-

entrant TE01U with a range of coupling positions (3.5 and 5 mm, coupled and over-

coupled). The resonator microwave frequency shift with coupling is reduced from

14.4 to 8.2 MHz using the H-type T-junction coupler with perturbations. Lower

microwave frequency pulling occurs due to a reduction in the stored energy in the

region of the coupler.

In addition, for the same resonator geometry, there is 145 MHz shift in operating

frequency from its eigen-frequency of 34.1 GHz due to the impedance of the

coupler without the perturbations. The coupler without perturbations has more

stored energy and more reactance, consistent with the understanding of coupling

systems with frequency dependence [24]. This causes a shift in the real part of the

microwave frequency to compensate for the imaginary part of the assembly

reactance and makes the assembly more frequency dependent.

4 Results

The Q0 value of the UF cavity was measured to be 1330 with a distilled water ice

sample at a frequency of 33.95 GHz. In addition, the frequency shift of the re-

entrant TE01U cavity as match was adjusted from critically coupled (- 45 dB ) to

over-coupled (- 9 dB) was 6.96 MHz shift. Consistent with simulations, see

Fig. 4c.

The change in frequency due to the presence of a small metallic probe is shown

in Fig. 5. Measurements of the UF re-entrant TE01U cavity are shown as a solid line

and a cylindrical TE011 are shown as a dashed line. The profiles here should be

compared to the Ansys HFSS simulations in Fig. 2, repeated as grey for

convenience.
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Fig. 5 Method of perturbing spheres showing the normalized Df along the axis of the cylindrical re-
entrant TE01U (solid) compared to the cylindrical TE011 cavity. Dotted lines mark the region-of-interest of
the cylindrical re-entrant TE01U cavity. Comparison to Ansys HFSS simulations is shown in grey
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Shown in Fig. 6 are the data from the nutation experiment. Dotted lines represent

the center of the nutations, while dashed lines show 50% signal markers. The

cylindrical TE011 cavity data were taken with the BDPA sample extending the entire

cavity length and plotted in Fig. 6a. For a 120 ns p-pulse, the power was set to

2.5 W. In Fig. 6b, the UF re-entrant TE01U cavity with the BDPA sample extending

the entire cavity length is shown. For a 120 ns p pulse, the power was set to 5 W. A

second sample with 9.5 mm length was centered in the UF re-entrant TE01U cavity

region-of-interest. Experimental nutation data are plotted in Fig. 6c, and for a

120 ns p pulse, the power was set to 5 W.

Nutation experiments show good results in terms of increased sensitivity and

uniformity of the B1 field. The nutations using the UF re-entrant TE01U cavity with

the sample extending the entire length show clear improvements over the data from

the cylindrical TE011 cavity, as shown in Fig. 6a, b, respectively.

0 1000 2000 3000 4000 5000
τn [ns]

A

B

C

τn

t

Nutation  Experiment

1 t2 t [ns]

π/2 π

Fig. 6 Nutation experiment on
a BDPA sample performed
using the a cylindrical TE011

cavity (b) and the uniform field
re-entrant TE01U cavity with the
sample extending the entire
length and c 9.5 mm sample
centered in the region-of-
interest. Pulse lengths were
120 ns for p pulse and the
preparation pulse length was
stepped 4 ns. Dotted lines show
the nutation center, while dashed
lines show 50% signal markers
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The UF re-entrant TE01U cavity with the 9.5 mm sample only in the region-of-

interest, shown in Fig. 6c, has the nutations further extended and the initial off-set is

further minimized. The Bruker E580 was only able to acquire 1000 ns of data, but

with the 9.5 mm sample, there was signal seen as far as 1300 ns. Increasing the

integration would give even better signal. These data show the advantages of

uniform field cavities. Three differences of note are: (1) the nutations are improved

by at least 40% and the initial off-set is reduced by 50%. (2) The first-order linear

background subtraction is not adequate for the cylindrical TE011 cavity. Higher

order background exists and cannot be easily corrected. (3) A nutation signal phase

inversion is exhibited in Fig. 6a at 1200 ns and another at 2400 ns, while only one

inversion at 2800 ns is noticeable in Fig. 6b. We have experimentally attributed this

oscillatory phase inversion to be due to inhomogeneity of the B1 field, seemingly at

the top and bottom of the resonator. The nutation signal phase inversion is shown to

be minimized in Fig. 6c, but can be increased by moving the sample outside of the

region-of-interest.

5 Discussion

Dielectric loading variations due to different samples change the cut-off frequency

of the region-of-interest and, thus, the uniformity condition of the resonator. Shown

in Fig. 7 is the simulated microwave magnetic field squared (B2
1) profile of the UF

re-entrant cylindrical TE01U cavity for a range of dielectric constants (�r ranges from

1 to 5 in integer steps, with a loss tangent of 0.005) for a fixed Rexolite end-section

geometry. B2
1 is used to highlight the differences and is proportional to EPR signal
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Fig. 7 Ansys HFSS simulations of the microwave magnetic field squared (B2
1) profile of the UF re-

entrant cylindrical TE01U cavity for a range dielectrics. The dielectric constant, �, is varied from 1 to 5
(dark to light) with a fixed end-section geometry. Dotted lines mark the region-of-interest of the
cylindrical re-entrant TE01U cavity. B2

1 is used to highlight the differences and is proportional to EPR
signal intensity
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intensity. The frequency shift due to the real part of the dielectric from 1 to 5 is

34.492, 34.206, 33.910, 33.592, and 33.264 GHz, respectively.

Although the resonator is designed for an �r of 3, good uniformity is exhibited for

this limited range. This is an advantage of the UF re-entrant cavity compared to a

UF cavity. Similar to a UF LGR, the electric field profile is more confined outside of

the sample region and the B1 field is stabilized by the current on the re-entrant fins.

The uniformity over the entire sample volume varies from 80.1, 80.1, 79.8, 79.3,

and 78.5%, as the dielectric is stepped from �r 1 to 5, respectively.

Kave of the UF re-entrant TE01U resonator is lower by about 40% due to the Q0

value being lower than expected. The lowering of the Q0 value is due to the

construction of the prototype resonator out of brass and higher losses in the Rexolite

plastic than anticipated. Changing the resonator body to solid silver and

experimenting with different plastics would be advantageous.

Higher stored energy in the coupling and iris region makes the system more

frequency dependent. The frequency dependence of the H-type T-junction coupler

without inductive perturbations was shown to have a large effect on the coupling

efficiency, as shown in Fig. 4. In addition, by extending the iris over the entire

length of the waveguide H-plane, a long-slot iris iss created [24]. The long-slot

iris exhibits lower stored energy than a resonant iris or inductive hole and

minimizes B1 field perturbations. By splitting the long-slot iris to a dual-slot iris,

the stored energy and frequency dependence is further reduced. In general, the

reduction of stored energy outside of the resonator reduces the frequency

dependence when tuning, matching, or changing samples. These design criteria are

critical for UF resonators.

Shown in Fig. 8 are vector network analyzer measurements of the coupling

coefficient b for the re-entrant TE01U cavity with H-type T-junction coupler and

long-slot iris (solid) compared to the cylindrical TE011 cavity with slot iris from

Ref. [20]. This shows better over-coupling performance for the re-entrant TE01U

cavity which corresponds to a larger bandwidth by the equation:
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Fig. 8 Bench measurements on
the vector network analyzer of
the coupling coefficient b for the
re-entrant TE01U cavity with
H-type T-junction coupler and
long-slot iris (solid) compared to
the cylindrical TE011 cavity with
slot iris from Ref. [20] (dashed)
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QL ¼ Q0

bþ 1
; ð5Þ

where the loaded Q value, QL, is proportional to bandwidth by 1=Df [10]. With a

lower initial Q0 value, the re-entrant TE01U cavity has a significant increase in

bandwidth for comparable EPR signal. The re-entrant TE01U cavity has a calculated

bandwidth of approximately 110 MHz, while the cylindrical TE011 cavity in

Ref. [20] has a calculated bandwidth of 46 MHz (Q0 of 2400).

Finally, in the x- and y-directions, the B1 field exhibits some variation. A smaller

inner diameter capillary (with the same outer diameter) could be used to improve

this variation, but will sacrifice EPR signal intensity. However, the x- and y-

direction variation is already 15% better in a re-entrant geometry compared to the

cylindrical TE011 cavity from both a ‘‘sucking-in’’ effect of the quartz capillary and

more confined electric field profile, as shown in Fig. 3. The capillary geometry of

2.8 mm OD and 1.8 mm ID was chosen to be compatible with our current standard

Q-band capillary tubes.

6 Conclusion

A uniform field re-entrant cylindrical TE01U cavity has been designed, fabricated,

and tested to improve pulse EPR experiments. The microwave magnetic field, B1,

has been calculated and confirmed by measurements to be 88.3% uniform over the

entire cavity and 98% uniform over the region-of-interest. By introducing re-entrant

fins to a UF cylindrical TE01U cavity, the Q value of the re-entrant TE01U cavity is

lowered, but the resonator efficiency and stored energy is increased. This new

geometry yields similar signals as the standard cylindrical TE011 while increasing

Kave by approximately 60%. The increase of Kave affects pulse EPR experiments in

two ways: (1) less microwave power is needed for the same tip angle and (2) the

majority of the sample is excited at the same tip angle.

Initial results using a brass prototype resonator have shown significantly

improved data quantified by the nutation experiments. In this work, we have shown

that a UF re-entrant geometry can provide an enhanced efficiency parameter,

increase EPR signal intensity, larger bandwidth, and a uniform microwave magnetic

field along the sample volume to improve pulse EPR experiments. Future work

includes a second generation resonator in solid silver, ESEEM, HYSCORE and

ELDOR-detected NMR experiments (EDNMR), and extending the UF re-entrant

TE01U cavity to W-band frequencies.

Acknowledgements Open access funding provided by Max Planck Society. We gratefully acknowledged

for the skillful manufacturing of the resonator assembly by of Stephan Syring and Udo Klar at the Max

Planck Institute for Chemical Energy Conversion and Sebastian Plankert at Max Planck Institute for

Kohlenforschung. This work is funded by the European Union Horizons 2020 Marie Skłodowska-Curie

Fellowship (Act-EPR; http://act-epr.org) and the Max Planck Society. Jason W. Sidabras would also like

to thank Dr. James S. Hyde for years of mentorship and countless discussions.

Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0

International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,

Uniform Field Re-entrant Cylindrical… 1313

123

http://creativecommons.org/licenses/by/4.0/


distribution, and reproduction in any medium, provided you give appropriate credit to the original

author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were

made.

References

1. R.R. Mett, W. Froncisz, J.S. Hyde, Rev. Sci. Instrum. 72(11), 4188 (2001)

2. J.R. Anderson, R.R. Mett, J.S. Hyde, Rev. Sci. Instrum. 73(8), 3027 (2002)

3. J.S. Hyde, R.R. Mett, J.R. Anderson, Rev. Sci. Instrum. 73(11), 4003 (2002)

4. J.S. Hyde, R.R. Mett, W. Froncisz, J.R. Anderson, Cavity resonator for electron paramagnetic res-

onance spectroscopy having axially uniform field (2004). US Patent 6,828,789

5. R.R. Mett, J.W. Sidabras, J.S. Hyde, Appl. Magn. Reson. 31, 573 (2007)

6. J.W. Sidabras, T. Sarna, R.R. Mett, J.S. Hyde, J. Magn. Reson. 282, 129 (2017)

7. J.W. Sidabras, R.R. Mett, W. Froncisz, T.G. Camenisch, J.R. Anderson, J.S. Hyde, Rev. Sci. Instrum.

78(3), 034701 (2007)

8. L. Mainali, J.W. Sidabras, T.G. Camenisch, J.J. Ratke, M. Raguz, J.S. Hyde, W.K. Subczynski, Appl.

Magn. Reson. 45(12), 1343 (2014)

9. Y.E. Nesmelov, A. Gopinath, D.D. Thomas, J. Magn. Reson. 167(1), 138 (2004)

10. S. Ramo, J. Whinnery, T. Van Duzer, Fields and Waves in Communication Electronics (Wiley, New

York, 1984)

11. N. Marcuvitz, Waveguide Handbook, volume 10 of MIT Radiation Laboratory Series (McGraw-Hill,

New York, 1951)

12. G. Eaton, S. Eaton, D. Barr, R. Weber, Quantitative EPR (Springer, Vienna, 2010)

13. C.S. Klug, J.B. Feix, Methods Cell Biol. 84, 617 (2008)

14. A. Schweiger, G. Jeschke, Principles of Pulse Electron Paramagnetic Resonance (Oxford University

Press, New York, 2001)

15. N. Cox, A. Nalepa, W. Lubitz, A. Savitsky, J. Magn. Reson. 280, 63 (2017)

16. C.E. Tait, S. Stoll, J. Magn. Reson. 277, 36 (2017)

17. T. Bahrenberg, Y. Rosenski, R. Carmieli, K. Zibzener, M. Qi, V. Frydman, A. Godt, D. Goldfarb, A.

Feintuch, J. Magn. Reson. 283, 1 (2017)

18. A. Doll, G. Jeschke, J. Magn. Reson. 280, 46 (2017)

19. J.S. Hyde, J.W. Sidabras, R.R. Mett, in Multifrequency Electron Paramagnetic Resonance: Theory

and Applications, ed. by S.K. Misra, chap. 5.2 (Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim,

2011), pp. 244–269

20. E. Reijerse, F. Lendzian, R. Isaacson, W. Lubitz, J. Magn. Reson. 214, 237 (2012)

21. J.H. Jiang, D.L. Wu, Atmos. Sci. Lett. 5, 146 (2004)

22. J.S. Hyde, W. Froncisz, in Advanced EPR: Applications in Biology and Biochemistry, ed. by A.J.

Hoff (Elsevier, Amsterdam, 1989), pp. 277–306

23. M. Born, W. Wolf, Principles of Optics: Electromagnetic Theory of Propagation, Interference and

Diffraction of Light, 3rd edn. (Pergamon Press, Oxford, 1965)

24. R.R. Mett, J.W. Sidabras, J.S. Hyde, Appl. Magn. Reson. 35(2), 285 (2009)

1314 J. W. Sidabras et al.

123


	Uniform Field Re-entrant Cylindrical TE\curr{_{01\curr {U}}} Cavity for &!blank;Pulse Electron Paramagnetic Resonance Spectroscopy at Q-band
	Abstract
	Introduction
	Methods
	Design
	Re-entrant TE_{\rm {01U}} Cavity
	Dual-Slot Iris Design
	Waveguide H-type T-junction Coupler with Inductive Obstacles

	Results
	Discussion
	Conclusion
	Acknowledgements
	References




