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Abstract

This study compares the performance of two coil configurations for W-band pulsed
ENDOR using a setup with both a radiofrequency ‘hairpin’ coil internal to a micro-
wave non-radiative resonator and Helmholtz-like coils external to the resonator.
Evaluation of the different coil performances is achieved via the ENDOR study of
two model systems. The efficiencies of the coil configurations are first investigated
numerically, showing that a higher radiofrequency current-to-magnetic field conver-
sion factor can be achieved with the intra-cavity coil, with a similar radiofrequency
magnetic field uniformity. This result is then confirmed by the broadband ENDOR
spectra acquired with the two coil arrangements. A gain in the signal-to-noise ratio
enabled by the internal coil of about a factor 10 was observed. In some cases, the
high conversion factor of the intra-cavity coil led to a saturation of the ENDOR tran-
sitions. The possibility to implement a similar intra-cavity radiofrequency coil con-
figuration in higher field spectrometers is finally discussed.
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1 Introduction

Among the various techniques developed in the field of Electron Paramagnetic
Resonances (EPR), the Electron-Nuclear Double Resonance (ENDOR) spectros-
copy owes its popularity to the ability to provide detailed information on hyper-
fine interactions and on the electronic structure of paramagnetic centers. Initially
proposed in 1956 by Feher as a transient technique [1-3], it mainly established
itself in its continuous-wave (cw) version during the first decades [4, 5]. Pulsed
ENDOR techniques, made appealing by potentially stronger as well as less dis-
torted signals [6], became important several years after their initial proposal [7,
8], thanks to the development of the necessary electronics.

Nowadays, cw and pulsed ENDOR are both largely utilized in EPR laborato-
ries. cw ENDOR requires the right balance between the longitudinal relaxation
time of the electron spins and that of the nuclear spins. Usually, it provides a
detectable signal only in a limited temperature range. On the other hand, pulsed
ENDOR needs a relatively long electron spin relaxation time, which in general
requires low temperatures [9].

For pulsed ENDOR, the main trend that emerged in the last decades has proba-
bly been the implementation at magnetic fields B, higher than the standard 0.3 T,
supported by the higher sensitivity and spectral resolution expected at increas-
ing B [10, 11]. Spectrometers operating at high magnetic fields, such as 3.3 T
(94 GHz) and 9.4 T (263 GHz), are now commercially available, equipped with
ENDOR capabilities.

In cw ENDOR, the maximum signal is usually obtained when the nuclear
spin transition is at least partially saturated [12]. An efficient cw ENDOR setup
should, thus, be characterized by a high radiofrequency (rf) current-to-magnetic
field conversion factor at the sample region [13], defined as the field B ; generated
by the unitary current. In pulsed ENDOR, the rf irradiation must ideally invert
the population of the nuclear spin levels [7, 8]. Here, an efficient rf irradiation
is still more crucial to minimize the overall length of the pulse sequence and,
therefore, maximize the revealed signal, thanks to the reduced spin relaxation
effects. Moreover, the possibility to generate very short rf pulses can enable more
advanced coherence transfer ENDOR experiments [14].

The highest B,; conversion factor can be obtained by surrounding the sample
with the rf coil [5], because the rf magnetic fields are maximum close to the con-
ductors where the rf currents flow. Such a solution is made problematic by the
concurrent presence of a microwave (mw) resonator, usually given by a closed
metallic cavity, which is essential to reach a good efficiency in the excitation and
detection of the EPR transitions. The insertion of metallic components inside the
mw cavity can lead to a distortion of its electromagnetic fields and a deterioration
of its quality factor Q. Analogously, the metallic cavity can affect the B, field of
the coil. At high fields, these problems are exacerbated by the millimeter or sub-
millimeter size of the mw cavity. Ideally, the rf coil should be made transparent to
the mw radiation stored in the cavity or vice versa.
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Possible solutions combining an rf coil with a mw cavity were investigated
since the birth of ENDOR spectroscopy. In 1956, Feher proposed a probe head
with the mw cavity having conducting walls electrically thick with respect to the
mw fields and electrically thin with respect to the rf fields of the surrounding rf
coil [3]. In 1958, Motchane et al. employed a setup based on a mw cavity with
internal rf coil [15]. A sort of intermediate configuration was proposed in 1973 by
Gruber et al., on the basis of a previous idea of Hyde [16, 17]: in their approach,
the cylindrical wall of the cavity was cut in the form of a helix and employed
itself as an rf coil. As in the case of the Motchane paper, the successful combina-
tion of the rf structure with the mw structure proposed by Gruber work was made
possible by the peculiar field and current distribution of the TE,;; mode of the
cylindrical mw cavity.

The configurations with mw cavity housing an internal rf coil or having cylin-
drical wall acting as rf coil are the most commonly employed at standard frequen-
cies [18]. At high fields, the necessary miniaturization of the probe head favored
the solution with rf coil external to the cavity, implemented with the expedient of
cutting several slits in the cylindrical body of the resonator [19-24], as proposed
by Burghaus et al. to facilitate the penetration of the rf field [25]. However, from
the point of view of the B,; conversion factor, the configuration with the rf coil
external to the mw cavity is doubly inefficient in comparison to the one with the
intra-cavity coil. First, because the sample is placed at a relatively large distance
from the conductor forming the coil, then because the mw cavity partially shields
the B,; field. The development of high-field ENDOR setups based on intra-cavity rf
coils has probably been hindered by the belief that such a solution is unfeasible due
to the small mw cavity size, the possible microphonic noise, and the reduced mw Q
factor.

The aim of the work here presented was to explore the possibility of high-field
pulsed ENDOR spectroscopy with an intra-cavity rf coil and to assess the obtained
sensitivity with respect to the case of external coils. The employed configuration
is based on a non-radiative (nr) mw resonator [26], equipped with internal ‘hair-
pin’ coil, following an approach similar to that demonstrated in high-field Dynamic
Nuclear Polarization [27, 28], as part of a work aiming at the combination of EPR
and NMR techniques [29]. A similar concept was employed to introduce a low-fre-
quency electric field in a mw cavity [30].

Preliminary W-band ENDOR results obtained with a sample of protonated
1,3-bis(diphenylene)-2-phenyl-allyl (BDPA) radical dissolved in polystyrene were
presented in [31]. Here, a more systematic study, mainly conducted on a single crys-
tal of y-irradiated LiF sample, is presented. Particular attention is dedicated to the
broadband capabilities of the proposed solution and on its advantages in terms of
sensitivity. Determining the exact contribution of a single component to the over-
all sensitivity of a spectrometer, in our case the intra-cavity hairpin coil, is a deli-
cate task, in which all the factors concurring to the response of a typical ENDOR
spectrometer have to be considered. To give a definitive answer to this question, the
employed probe head was equipped with both external coils in the typical Helm-
holtz-like configuration and with the intra-cavity hairpin coil. Thus, the results
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obtained with the hairpin coil were assessed by comparison with the results of the
external coils, acquired in identical conditions.

The structure of the paper is the following. Section 2 illustrates the structure of
the ‘double-coil’ probe head employed in this work. The distribution and the inten-
sity of the B field generated by the coils are investigated numerically in Sect. 3.
Section 4 reports the ENDOR results obtained with the LiF and BDPA in poly-
styrene samples. The obtained results are discussed in Sect. 5, together with the
perspectives of higher frequency applications. Finally, Sect. 6 reports the main
conclusions.

2 Experimental Setup

The W-band probe head employed in this work is based on a nr resonator similar to
the one described in [26]. In general, the main characteristic of the nr resonator is
the combination of a single-mode spectrum with an open configuration [32], which
can be obtained with a simple modular structure [33, 34]. The ease of construction
and setup, the absence of mode degeneracy, and the state-of-the-art performances
demonstrated in high-field EPR applications [26, 27] make the nr cavities an ideal
candidate for the exploration of new experimental approaches.

The main details of the probe head are illustrated in Fig. 1 (top), showing a sector
of the complete structure. The gray-shaded regions represent the empty parts of the
probe head, whose core is composed of a cylindrical cavity with radius r=1.9 mm
and variable height h. The gap g between the two parts of the cavity was fixed to
1.45 mm. Coaxial holes with diameter d=1.2 mm were drilled in the plungers of
the cavity, which are movable to enable the tuning of the resonance mode. Grooves
were cut in the two metallic plates composing the nr resonator, to accommodate the
external rf coils (blue-shaded regions of Fig. 1). The latter is given by loops with a
6 mm diameter, each composed by 3 windings of insulated copper wire of 250 pm
diameter. The two loops are placed at a distance of about 5 mm from each other. The
U-shaped hairpin coil, represented by the green-shaded region of Fig. 1, is obtained
by gluing an insulated copper wire of 80 pm diameter along a standard quartz sam-
ple holder (0.60 mm i.d. and 0.84 mm o.d.). The inset in the upper part of Fig. 1
shows the basic version of the nr resonator, composed by a cylindrical cavity, a rela-
tively large gap, and the holes in the plungers, together with the typical distribution
of the mw electric field of the TE;; mode.

The lower part of Fig. 1 shows on the left a picture of one of the two plates form-
ing the nr resonator, together with the external coils, and on the right a picture of
the sample holder equipped with the hairpin coil. The insertion in the nr resonator
of the thin conducting wires forming the hairpin coil does not introduce appreciable
effects on the mw quality factor of its TE,;; mode, the one of interest for our meas-
urements, thanks to the orthogonality of the wires with respect to the mw electric
field lines. For the resonator of Fig. 1, the unloaded quality factor was measured to
be Q,=2800 at 94 GHz, independently of the presence of the hairpin coil within the
measurement uncertainty (+ 10%) allowed by the employed mw bridge.
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Fig. 1 Details of the probe head. Upper part: structure employed in the modeling, representing a one-
quarter sector of the whole structure, which can be obtained by mirror symmetry with respect to the xy
and xz planes. The main components and dimensions are indicated. Inset in the upper part: basic version
of the nr resonator, together with the typical distribution of the mw electric field of the TE,;; mode. In
this case, the whole structure can be obtained by mirror symmetry with respect to the xz plane. Lower
part: on the left, one of the plates forming the nr resonator, together with the external coils; on the right,
sample holder equipped with the hairpin coil (color figure online)

3 Simulations of the rf Fields
The efficiency of the internal and external coils was first investigated, both in terms

of B field distribution and current-to-field conversion factor, by means of numeri-
cal modeling based on the software Multiphysics (Comsol Inc., Sweden). The
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calculations were conducted on the structure of Fig. 1, corresponding to a quarter
of the entire structure, assuming an rf current of 1 A at a frequency of 135 MHz.
The field in the entire structure can be obtained from that in the modeled volume by
symmetry.

Figure 2 shows the main results of the modeling. In particular, the upper part of
Fig. 2 shows the norm of the B ; conversion factor on the surface of the structure for
the hairpin coil (on the left) and for the Helmholtz-like coils (on the right). In the
case of the hairpin coil, the conversion factor is quite intense along the axis of the
resonator, in the region internal to the cavity. Outside the cavity, the |B conversion
factor is mainly concentrated between the wires of the coil and the close metallic
surface, due to the strong induced currents. For the Helmholtz coils, the |1B{ conver-
sion factor is very intense around the wires, more than for the hairpin coil owing to
the higher effective current due to the 3 windings, but weaker inside the resonator.

A quantitative comparison is made in the lower part of Fig. 2, showing the IB 4
conversion factor along the axis of the resonator. In the reported graphs, the origin
of the abscissa axis corresponds to the center of the resonator.
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Fig.2 Results of numerical simulations on the IB,{ field generated by the coils, assuming an rf current of
1 A. Upper part: on the left, the |B, field generated by the intra-cavity coil; on the right, the field gener-
ated by the external coils. The color scales are different. Lower part: on the left, the |1B{ field generated
by the hairpin coil along the z axis, both in the case of the coil inside the nr resonator (solid line) and the
coil without the nr resonator (dashed line); on the right, the field generated by the external coils along
the z axis, both in the case of the coil external to the nr resonator (solid line) and the coil without the nr
resonator (dashed line). The red-dashed line represents the border of the mw cavity (color figure online)
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The bottom-left part of Fig. 2 shows the fields calculated for the hairpin coil with
the nr resonator (solid line) and without the nr resonator (dashed line). The conver-
sion factor in the center of the resonator is 0.77 mT/A for the hairpin with the nr
resonator and 0.8 mT/A in the case of the hairpin without the nr resonator. On the
border of the nr cavity, indicated in Fig. 2 by a red-dashed line, the conversion fac-
tor decreases up to 0.56 mT/A. In the case of the external coils (bottom-right part
of Fig. 2), the conversion factor in the center of the resonator is 0.18 mT/A for the
coils with the nr resonator and 0.52 mT/A for the coils without the resonator. On the
border of the nr cavity, the conversion factor is 0.084 mT/A.

Accordingly, the magnetic field |1B,4| generated by the hairpin coil in the portion
of sample holder placed inside the cavity is about 4 times stronger than the magnetic
field IB,| generated by the external coils, for the same rf current. The uniformity of
IB,gl is better than that of |B,| along the axis of the sample holder (z axis of Fig. 1),
and worse in the orthogonal (xy) plane. The overall uniformity is similar, consider-
ing the data shown in Fig. S1 of the Supplementary Material (SM) available with
the online version of this article.

The conversion factor of the hairpin coil in the center of the resonator, |B,{=0.77
mT/A, is comparable with the value calculated for the 4-wire coil internal to the
35 GHz resonator investigated in [35], as well as with the value calculated for the
Bruker ENDOR resonator operating at the same frequency [35]. For the Helmholtz-
like coils, the obtained value IB,{=0.18 mT/A is comparable with the conversion
factor of the coils external to the slotted cavity operating at 263 GHz in the Bruker
spectrometer presented in [24].

4 Pulsed ENDOR Analysis

The W-band ENDOR measurements were performed with a Bruker Elexsys E680
spectrometer, equipped with a mw source delivering 4.4 mW. In general, such a
relatively low power is not ideal for pulsed ENDOR measurements. The spectrom-
eter is equipped with a Bruker rf amplifier model B-LTX300 delivering a maximum
power of 300 W. The rf coils were inserted in a non-resonant rf circuit fed by the rf
source and terminated by a 50 Q load. The power delivered to the load was moni-
tored measuring the voltage at its ends. Both the external and the internal coils were
present during the measurements, to acquire the spectra in the same conditions.
Switching from one rf configuration to the other required just a change in the rf
connections.

The measurements, all conducted at room temperature 7, concerned two samples:
a single crystal of y-irradiated LiF with dimensions of the order of 0.3 0.3 1 mm?,
and a powder of 1% BDPA radical dissolved in polystyrene.

4.1 ENDOR Analysis of y-Irradiated LiF

y-Irradiated LiF is an ideal test sample for a broadband ENDOR spectrometer,
thanks to its well-investigated and rich ENDOR spectrum, originating from the
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Fig.3 Left: Typical ESE signal obtained with the LiF sample. Pulse parameters: 7z/2=348 ns,
7=1200 ns. Shot repetition time 2.5 ms, shots/point 100. 2 scans. Right: Level plot of Mims ENDOR
of the LiF sample with the intra-cavity coil, acquired at variable rf frequency and pulse length. Pulse
parameters: 7/2=348 ns, ¢ =600 ns. Shot repetition time 2.14 ms, shots/point 250. 1 scan

strong hyperfine interactions of the unpaired electron with the nuclei in many
inequivalent sites [36-39]. The typical field-swept electron-spin-echo (ESE)
spectrum obtained from the LiF sample is shown in the left part of Fig. 3. The
right part of Fig. 3 shows the ENDOR signal obtained by means of the hairpin
coil with a Mims pulse sequence [7], in a 2D scan over the rf frequency and the rf
pulse length T4 The 19F line at 135 MHz and the "Li line at 55 MHz are clearly
visible [21], together with a line at 96 MHz and a multiplet centered around
77 MHz.

The details of the '°F Mims signal at 135 MHz, acquired with the hairpin coil,
are shown in the left part of Fig. 4. The analogous signal, acquired with the exter-
nal coils, is shown in the right part of Fig. 4.

A direct comparison between the signal-to-noise ratios (S/N) of the spectra
shown in Fig. 4 is not possible owing to a rf saturation of the ENDOR signal,
close to the Larmor frequency, obtained with the intra-cavity coil. This effect is
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Fig.4 Mims ENDOR on the '°F line at 135 MHz. Left: Intra-cavity coil (I scan). Right: External coils

(2 scans). Pulse parameters: 7/2=348 ns, 7=700 ns, T,;=12 ps. Shot repetition time 2.5 ms, shots/point
250
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shown in Fig. 5, reporting the ESE signal obtained setting the rf to the center
of the 'F ENDOR line of Fig. 4 and varying the rf power. The obtained signal
is completely saturated at the maximum available rf power, being flat up to an
attenuation of this power by about 3 dB.

The inset in the left part of Fig. 5 shows the '°F ENDOR line at full rf power,
whereas the inset in the right part shows the same line at rf power attenuated by
3 dB. A comparison between these two spectra shows that the peak at 133.3 MHz is
not saturated and displays a shape very close to the one obtained with the external
coils (Fig. 4, Right). Thus, it can be employed to determine the S/N obtained with
the two kind of coils.

Figure 6 reports the comparison of part of the '°F Mims ENDOR spectra obtained
with the internal and the external coils. In the former case, the signal was obtained
with a single scan, in the latter with 50 scans. According to these curves, in a single
scan the S/N of the 'F line obtained with the hairpin coil is higher by a factor 14
with respect to the case of the external coils. Moreover, a check of the voltage on the
50 Q load during the acquisition of the '°F lines indicated an rf current on the hair-
pin coil lower than that in the external coils.

The "Li Mims ENDOR signal at 55 MHz is reported in Fig. 7 (top), in the left
part as acquired with the hairpin coil and in the right part as acquired with the exter-
nal coils. As in the case of the '°F Mims ENDOR line at 135 MHz, the central peak
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Fig.5 Mims ENDOR signal at a fixed rf frequency of 134.4 MHz and variable rf power attenuation,
obtained with the intra-cavity coil (2 scans). Pulse parameters: n/2=348 ns, t=700 ns, T,;=12 ps. Shot
repetition time 2.5 ms, shots/point 250. Inset to the left: Mims ENDOR on the 'F line, full rf power.
Inset to the right: Mims ENDOR on the '°F line, rf power attenuated by 3 dB. Pulse parameters as for the
main figure
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at 55.5 MHz is saturated, as shown by the inset in the top-left part of Fig. 7, report-
ing the signal at 55.5 MHz as a function of the rf power.

The Mims ENDOR signal at 97 MHz is shown in detail in the lower part of
Fig. 7, reporting in the left part the spectrum obtained with the hairpin coil and
in the right part that obtained with the external coil. It is attributed to the hyper-
fine interaction of the paramagnetic center with the nearest-neighbor fluorines, as
discussed in [35]. In cw ENDOR, this signal is reported to be very broad. This is
consistent with the absence of rf power saturation observed in our measurements,
as shown by the inset in the bottom-left part of Fig. 7, reporting the ENDOR sig-
nal of the second peak (97.74 MHz) as a function of the rf power.

The optimal length T ; of the rf & pulse was estimated on this peak and resulted
about T,;=15 ps. The related nutation curve is reported in Fig. S2 of the Sup-
plementary Material (SM) available with the online version of this article. The
corresponding quantity for the external coils would exceed the maximum interval
between the second and the third pulse of the Mims sequence allowed by the ESE
signal, which is about 45 ps.

To demonstrate the broad-band capability of the hairpin configuration,
the Mims ENDOR spectrum of the LiF sample was acquired in the interval
10-90 MHz. It is shown in the upper part of Fig. 8. As expected, it is quite rich
in resonance lines. More resolved spectra are reported in the lower part of Fig. 8
for the strong lines at 18.5 MHz and 45 MHz, which are attributed to overtone
resonances with the 7Li signal at 55.5 MHz and with the '°F signal at 135 MHz,
respectively.

The effect on the 10-90 MHz Mims spectrum of a 20° rotation of the B, with
respect to the sample is reported in Fig. S3 of the SM. Moreover, this figure

@ Springer



High-Field Pulsed ENDOR with Intra-cavity Radiofrequency... 1443

22-
2.6 JMvmh s ) (;L,(w\",\’T%‘Jvu“ﬁ‘l‘”ﬂ“‘“'r’«‘ IM' w !m\ N
24 | || ‘U ‘u
211

M" b | [y
‘\‘ W IW‘H
{

Mw W

I

| i

22+ V) \M-‘

2.0 | |‘
I 2.0

1.8 ‘w\ \L’

164 ho

1.4

Echo intensity (arb. un.)
Echo intensity (arb. un.)

1.2 |
10 {

0.8 T T T T T
53 54 55 56 57 58 53 54 55 56 57 58

rf frequency (MHz) rf frequency (MHz)

2

o

. Wl
vy, el wh\“““ 'M. 149 vw JUW ‘\nf.m“ \'\MI | m ‘“‘ "\ ‘A Iy lﬁu'
'”. i IaALE «f”w*w e
2.4 ! |
|

22

204

Echo intensity (arb. un.)
Echo intensity (arb. un.)

T T T | 0.9 T T T T
96 97 98 99 100 96.5 97.0 97.5 98.0 98.5 99.0

rf frequency (MHz)

rf frequency (MHz)

Fig.7 Top: Mims ENDOR on the "Li line at 55 MHz. Left: Intra-cavity coil (2 scans). Right: Exter-
nal coils (1 scan). Inset: Mims ENDOR signal at a fixed rf frequency of 55.55 MHz and variable rf
power attenuation, obtained with the intra-cavity coil (2 scans). Bottom: Mims ENDOR on the line at
97.7 MHz. Left: Intra-cavity coil (2 scans). Right: External coils (3 scans). Inset: Mims ENDOR signal
at a fixed rf frequency of 97.74 MHz and variable rf power attenuation, obtained with the intra-cavity
coil (1 scan). For all curves, the measurement parameters are n/2=348 ns, t=700 ns, T,;=12 ps. Shot
repetition time 2.5 ms, shots/point 250

shows some of the sharpest peaks that were observed, useful for defining the
spectral resolution obtained with the intra-cavity coil.

The performance of the set-up for ENDOR measurement was also investigated
using the Davies pulse sequence [8]. The spectra obtained with the hairpin coil are
reported in Fig. S4 of the SM.

4.2 ENDOR Analysis of BDPA Radical in Polystyrene

Protonated BDPA dissolved in polystyrene was chosen as a model sample for those
cases in which the sample is amorphous and fills completely the sample holder. The
ENDOR experiments gave signals both on the real and the imaginary (out-of-phase)
components of the ESE, for which the spectra are shown in the inset of Fig. 9. Fig-
ure 9 shows on the left the contour plot of the Mims ENDOR signal obtained in
a 2D scan versus the rf frequency and the rf pulse length, obtained by means of
the hairpin coil from the real part of the ESE. This clearly shows the expected 'H
ENDOR signal around 142.8 MHz, which will be further discussed below.
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Fig.8 Top: Mims ENDOR of the LiF sample on the frequency interval 10-90 MHz, obtained with the
intra-cavity coil (1 scan). The "Li line and the overtone lines of the "Li and '°F are indicated. Acquisition
mode: standard. Bottom-left: Mims ENDOR on the signal at 18.5 MHz (1 scan). Bottom-right: Mims
ENDOR on the signal 44.8 MHz (1 scan). For all curves, the measurement parameters are /2 =348 ns,
©="700 ns, T,;=12 ps. Shot repetition time 2.5 ms, shots/point 250

The right part of the figure reports the corresponding contour plot from the out-
of-phase component of the ESE. Here, an intense signal is visible around 124 MHz,
which is strongest on the out-of-phase component of the ESE. It is characterized
by a much shorter modulation period in the length of the rf pulse, of the order of
4 ps. The same modulation effect appeared also in signals at frequencies in the
60-120 MHz range (Fig. S5 of the SM). These signals appear to originate in the
sample holder. Their identification requires additional experiments and is beyond
the scope of this paper.

The left part of Fig. 10 reports a Mims ENDOR sweep around the 'H pro-
ton peak (10 scans), obtained with the hairpin coil. The right part of the fig-
ure reports the signal obtained in similar conditions by means of the external
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Fig.9 Contour plots of Mims ENDOR of the BDPA in polystyrene sample with the intra-cavity coil,
obtained with variable rf frequency and pulse length (1 scan). Pulse parameters: 7/2 =348 ns, T=600 ns.
Shot repetition time 2.14 ms, shots/point 250. rf power attenuated by 3 dB. Left: Signal obtained from
the real part of the ESE. Right: Signal obtained from the imaginary (out-of-phase) part of the ESE. Inset:
Typical ESE signal obtained with the BDPA in polystyrene sample. Pulse parameters: n/2=348 ns,
©=1200 ns. Shot repetition time 1 ms, shots/point 100

coil. The baseline of the signal obtained with the hairpin coil is distorted by the
presence of weaker and broader signals, not visible with the external coils, as
shown by Fig. S6 of the SM. On the other hand, the signal at 124 MHz is vis-
ible, although very weakly, also with the external coil, again mainly on the out-
of-phase component of the ESE, with and without the internal coil. Fig. S7 of
the SM shows the Mims and Davies signals around 124 MHz, obtained with the
external coils.

In the case of the '"H ENDOR signal of the BDPA dissolved in polystyrene,
the S/N obtained with the intra-cavity coil is about 8 times higher than that
obtained with the external coils, in line with the higher sensitivity determined
above for the ENDOR signals in irradiated LiF.
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Fig. 10 Mims ENDOR on the 'H line at 142.8 MHz of the BDPA in polystyrene sample measured with

the intra-cavity coil (Left) and the external coils (Right). Pulse parameters: n/2=2348 ns, t=700 ns,

T,s=10 ps. Shot repetition time 2.14 ms, shots/point 250, 10 scans
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5 Discussion and Perspectives

According to the literature, the main drawbacks related to the use of intra-cavity
rf coils in high-field ENDOR are the possible noise due to vibrations, the reduc-
tion of the quality factor of the mw cavity, and the difficulties of the necessary
miniaturization [14, 25].

In the spectra acquired in this work, there was no clear evidence of noise
induced by the rf irradiation, as confirmed by the presence of sharp peaks. Fur-
ther specific checks were done for a better assessment of this possible issue. The
noise floor was determined with and without the rf irradiation in a region of the
LiF ENDOR spectrum around 126 MHz, in principle free from resonances. The
resulting curves show no variation in the noise level, as reported in Fig. S8 of
the SM. Analogously, the change of the shot repetition time in the acquisitions
does not alter the shape of the ENDOR lines, as one could expect in case of rf-
induced vibrations. This is true also for the anomalous signals observed in the
60-120 MHz frequency range of the Mims ENDOR of the BDPA radical, as
shown in Fig. S9 of the SM. A further analysis is needed to determine the origin
of these signals.

Possible effects deriving from the heating of the intra-cavity coil were checked
acquiring the ENDOR both in standard and in stochastic mode [40]. In the case
of the BDPA radical in polystyrene, no effects were observed, as shown in Fig.
S10 of the SM. At very low T, the situation could be different due to the direct
contact of the wires carrying the rf current with the sample holder. On the other
hand, the efficiency of the intra-cavity coil proved much higher in comparison
to the external coil, meaning that much less rf power is needed to obtain the
same signal of the external coil. For instance, in the case of the 198 Mims line at
135 MHz, a comparison between Figs. 4 and 5 shows that the S/N value of the
external coil can be obtained employing about 2 orders of magnitude (18 dB) less
rf power with the intra-cavity coil. Such a big difference is due to the fact that
the efficiency of the rf coil in pulsed ENDOR is related to the rf current, which
is proportional to the frequency of the nuclear spin nutation, whereas the heating
effects are proportional to the square of the rf current. Consequently, the use of
the intra-cavity coil could be advantageous also at very low T.

The insertion of the hairpin coil in the nr resonator proved to be not problem-
atic from the point of view of the Q factor of the resonator, consistently with the
results reported in [27]. A direct confirmation that the intra-cavity coil does not
affect the response of the ENDOR spectrometer is given in Fig. S11 of the SM,
showing the Mims ENDOR signal of the 'H peak of the BDPA radical dissolved
in polystyrene obtained with the external coils before and after the gluing of the
hairpin coil on the sample holder. Within the measurement uncertainty, the two
S/N ratios coincide.

In view of possible applications of the U-shaped intra-cavity coil to higher fre-
quencies, one of the key aspects is the simplification that has been introduced
with respect to the standard, 4-wire saddle coil [35], while keeping an rf field
homogeneity similar to that of the external coils. In its easiest implementation,
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the insertion of the hairpin coil in the mw resonator just requires access holes
slightly larger than the sample holder. In this respect, the use of nr resonators can
be very helpful, thanks to their ability to keep a confined mw mode also in the
limit case of axial holes having the same diameter of the cavity [32, 41]. In ear-
lier work, an nr cavity resonating on the TE,,;; mode has been investigated up to
about 360 GHz (G. Annino, unpubl.). At 285 GHz, their quality factor at room T
can be as high as Q;=3300, as shown by Fig. S12 of the SM.

The key aspect behind the obtained results is the insertion in the resonator of thin
conducting wires, in a manner that minimizes the distortion of the microwave field dis-
tribution. This can be obtained if the microwave electric field is mainly orthogonal to
the surface of the wires and the magnetic field is mainly parallel to this surface. The
ideal case is that of a cylindrical cavity operating in the TE,,;; mode, loaded by a cylin-
drical sample holder coaxial to the cavity. This configuration preserves the original
cylindrical symmetry of the cavity, keeping a simple structure for the electromagnetic
fields of the TE;; mode of this system, which is characterized by just a single com-
ponent of the electric field (the azimuthal one) and two components of the magnetic
field (the axial one and the radial one) [41]. As a consequence, it is possible and easy to
respect almost everywhere the optimal boundary conditions between the fields and the
surface of the wires forming the intra-cavity coil, so minimizing the distortion of the
microwave mode and the degradation of its quality factor.

Similar concepts can be applied to other resonators, keeping in mind that a limited
impact of the intra-cavity coil on the resonance mode becomes more and more difficult
increasing the number of field components of the mode. In general, a single-mode reso-
nator with high symmetry is preferable. In this respect, the proposed ‘hairpin’ coil can
be employed in combination with a standard TE,,; cylindrical cavity, in principle with
similar results. It can also be applied with a rectangular cavity operating in the TE,,
mode, which is relatively common in EPR. In this case, the ideal configuration would
be that with flat sample holders, like those employed in the analysis of high-loss sam-
ples, in order to minimize the electromagnetic field rearrangement due to the sample
holder. The application to the case of a TE,, rectangular cavity equipped with a cylin-
drical sample holder is expected to be still advantageous. In this case, however, a sig-
nificant effect on the quality factor of the cavity is likely to be observed, due to a more
complex structure for the electromagnetic fields of the resulting quasi-TE,, mode.

In the version investigated in this work, the intra-cavity rf coil can be considered
as a simple and inexpensive disposable device, to the same extent as the sample-
holder tube. On the other hand, a fixed mounting of the hairpin coil can be obtained
by integrating it in a small tube made of a low dielectric loss material, as quartz,
Teflon, of high-density polyethylene, having inner diameter compatible with the
employed sample-holder tube. In this manner, the hairpin coil can be attached to the
mw cavity.
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6 Conclusions

In conclusion, a systematic comparative study was conducted at W-band on the
ENDOR performances of an intra-cavity ‘hairpin’ coil, with respect to external coils
in the typical Helmholtz-like configuration, employing a home-made probe head
based on a nr resonator. This study indicates, for the first time to our knowledge, that
the higher efficiency of the intra-cavity coil is not compromised by unwanted effects
as mechanical noise, thermal drift, and degradation of the mw quality factor, also at
high frequency. In the broadband investigation of a y-irradiated single crystal of LiF
and a protonated BDPA in polystyrene, the gain in S/N ratio obtained with the intra-
cavity rf coil on known ENDOR lines was about one order of magnitude at room 7.
Moreover, a complete saturation of some of these lines was observed with the hair-
pin coil. In the case of the BDPA in polystyrene sample, broad signals with unusual
characteristics were detected, both with the intra-cavity coil and the external coils,
probably originating from the sample-holder tube. The ease of construction of the
hairpin coil, combined with the open structure of the nr resonator, suggests that the
intra-cavity coil configuration investigated in this work can be profitably employed
at even higher frequencies, exceeding the limit of the currently available commercial
spectrometers.

Although further work is still necessary to clarify the origin of the signals with
unexpected behavior, the obtained results justify a new interest in the development
of very high-frequency ENDOR probe heads based on mw single-mode resonators
with intra-cavity rf coil.
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