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Probehead with interchangeable tunable bridged loop-gap resonator
for pulsed zero-field optically detected magnetic resonance experiments
on photoexcited triplet states

V. Weis, W. Mittelbach, J. Claus, K. Mobius, and T. Prisner
Institut fir Experimentalphysik, Arnimallee 14, 14 195 Berlin, Germany

(Received 30 October 1996; accepted for publication 2 February) 1997

Conventional zero-field optically detected magnetic reson@@@MR) is normally performed by

using a slow-wave helix for microwave excitation with a quality factorD) With available
microwave sources this low Q factor leads to long microwave pulse lengths for coherent pulse
experiments {-pulse duration of about 300 ns for 20 W microwave excitation paweor our
zero-field experiments we took advantage of the bridged loop-gap microwave resonator
configuration with relatively high Q factor. Without the possibility of tuning the Zeeman energy
level splitting as in electron paramagnetic resonaif®R), in zero-field ODMR the resonator has

to cover a wide range of frequencies. We are able to tune our probehead in the range of 1.9-8 GHz
with a loaded Q factor of up to 800 by using interchangeable bridged loop-gap resonators of various
designs. Thereby, the pulse lengths, compared to the slow-wave helix, could be reduced by nearly
one order of magnitudetf.,,...=45 ns employing the same microwave power of 20. W
Experimental data are presented for triplet states of photoexcited acridine and benzophenone
molecules at different resonance frequencies for tfigjy—|T,) transitions ¢=2.472 GHz and
v=>5.226 GHz, respectively. ©1997 American Institute of PhysidsS0034-674807)03405-9

I. INTRODUCTION the resonator is tunable over a wide frequency range by

) _ changing the distance between bridges and loop.
The loop-gap(LG) resonator is a simple but powerful

microwave resonance circuit consisting of a conducting loop
(the inductanceand a gap(the capacitande Early experi- || DESCRIPTION OF THE RESONATOR
ments using LG resonators were reported by Decorps an
Fric,! operating at 210 MHz, and by Hardy and Whitehéad,
who extended the upper frequency to 2 GHz. For electron Our probehead/resonator construction had to fulfill the
paramagnetic resonand&PR experiments Froncisz and following requirements:
Hyde**advanced the LG resonator to 10 GHz and later eve
to Q-band frequencies.The loop-gap resonator has also
been used in NMRand several optically detected magnetic
resonance ODMR) investigations:® In these experiments
the resonance frequency was shifted by introducing a dielecFhe BLG structure is mounted onto a quartz tube that is fixed
tric material (mica plate, sapphijeinto the gap. Unfortu- in a resonator holder containing the tuning mechanisee
nately, this leads to an inhomogeneous microwave field disFig. 2). The tuneable BLG concept will now be explained in
tribution inside the resonator. Schmidt and collabordtorsfurther detail.
used a so-called reentrant cavity operating at S-band frequen- A typical one loop-two gaps structure is shown in Fig. 1.
cies. Two nearly half cylindrical metal layers are fixed on a quartz
We used a different configuration based on the bridgedube d;/do, =4 mm/6 mm or 6 mm/8 mm, length: 10 ¢m
loop-gap (BLG) resonator concept originally invented by without having electrical contact. They form the basic loop-
Forrer and collaboratot$* for pulsed X-band EPR and gap resonator. The metal layers are fixed either by gluing
electron-nuclear double resonan@\NDOR) spectroscopy. thin copper foils(thickness: 2—1Qum, length: 20 mm onto
In this design the capacitance of the resonator is not definetthe quartz tube or by painting a gold suspension directly onto
by the volume between the two open ends of the loop but byhe quartz tubé<2 um).!!* As will be shown, the most im-
the volume between the loop ends and the brid§és. 1). portant parameter fixing the range of accessible resonance
This leads to a more homogeneous microwave magnetic fielffequencies is given by the diameter of the quartz tube. To
distribution over the sample volume and confines the electriensure optical access, one of the metal layers contains a hole
field to regions outside the sample voluhie=or our pulsed (d=3 mm). In our experiments, this enables the detection of
zero-field ODMR, frequency tuning of the resonator is nec-the phosphorescence of the sample, while the excitation is
essary to achieve resonance with the zero-field splittings odone parallel to the quartz tube z axiSg. 1).
the photoexcited triplet molecules. The BLG concept is well ~ The magnetic field distribution of the resonator has its
adapted to the problem because of the following reasons: omaximum inside the quartz tube, the electric field is located
the one hand the resonator dimensions remain reasonalfyainly between the gaps and the bridges. Therefore me-
small even at S- and L-band frequencies, on the other hanchanical adjustment of the bridge/gap distance changes the

. Construction

r81) light access in two perpendicular axes for ODMR experi-
ments,
(2) frequency tuning at liquid helium temperatures.

1980 Rev. Sci. Instrum. 68 (5), May 1997 0034-6748/97/68(5)/1980/6/$10.00 © 1997 American Institute of Physics



Top view
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FIG. 1. The bridged loop-gafBLG) resonator showing the principal com-
ponents(a) Copper foils(thickness: 1Qum) fixed on a quartz tube forming
the basic loop-gap structuré) Top view of basic loop-gap structure in its
“bridged” configuration with both bridges moveable along thexis (see
the tex).

capacitance of the resonance circuit and allows a frequency
tuning to the magnetic resonance condition.

In our design the resonator is tuned by simultaneous an-
tiparallel shift of two bridges in a direction normal to the
gaps, as is shown in Fig. 1. The curvature of the bridges
(length: 20 mm is adjusted to the outer diameter of the
quartz tube to minimize stray fields and ensure an effective
variation of the capacitance. As the resonance frequency is
very sensitive to a change in distance between bridge and
gap (<2 GHz/mm depending on the absolute position of the
bridges, a reduction gear had to be designed to ensure fine
tuning capability of the resonator frequency with high stabil-
ity of the bridge/gap distancé-ig. 2) even at low tempera-
tures.

To suppress microwave radiation of the resonator and an
unwanted decrease of the quality factor, the whole resonator
is surrounded by a metallic shieldl,f=30 mm, d,~= 32
mm), containing two optical windows of 10 mm diameter.
The shield diameter has also an effect on the resonance fre- |
guency of the resonator. An increase in diameter of the mi-
crowave shield while keeping the rest of the resonator geomg. 2. probenead with BLG resonator and coupling loop. A: reduction gear
etry constant reduces the resonance frequéhdy. our  for bridge drive, B: bridge holder, C: BLG resonator, D: microwave semi-
design the shield cylinder had to be large enough to allow thé&gid cable with coupling loop.
bridges to be shifted away from the gap by up to 6 mm.

All metallic parts of the BLG resonator holder of Fig. 2
are made out of brass. by exchanging the inner quartz tube containing the loop-gap
structure. Both the reduction of the diameter of the quartz
tube and the reduction of the number of gaps increases the
resonance frequency. Although for the LG resonator a semi-

A loop-gap resonator can be coupled to external microempirical equation has been established to calculate the reso-
wave circuits by both inductive and capacitive meahgve  nance frequencies from the geometrical and electrical
chose an inductive loop that utilizes the microwave magneti®arameters, for the BLG resonator a similar expression was
fields at either end of the resonator. The degree of couplingot yet given.
is adjusted by changing the distance of the coupling loop  For the BLG working at C-band frequencies we de-
relative to the resonator. The loop itself is part of a semirigidsigned a structuréone loop - two gapsof an outer diameter
microwave coaxial line, one of the ends forming a Igbfy.  of 6 mm. The gaps can be considered as a serial circuit of
2). The coupling loop just fits onto the outer diameter of thecapacitors and, therefore, one can reduce the entire capaci-
quartz tube to reduce mechanical instabilities, but withtance of the resonance circuit by increasing their number. An
enough spacing to guarantee smooth variation of the coutpper frequency of 8.2 GHz was obtained by driving the
pling parameter. For pulsed EPR and ODMR experimentbridges far away from the gaps, and the lowest frequency
this coupling mechanism is stable enough even at low temwas 3.9 GHz. Figure 3 shows the dependence of the reso-
perature. The frequency range of the BLG for the fine-tuningnance frequency on the bridge/gap distance at room tempera-
procedure can be set to different microwave frequency bandsire, as measured with the resonatordgf;=6 mm. This

B. Coupling and tuning
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FIG. 3. Resonance frequency dependence on the distance between gap fr{fi 4'_81 field distribu?ion of the BLG resonator along tf_l,e axis
bridges for the BLG resonator witth,.~6 mm, (A) measured frequen- x=0, z=0) calculated with MAFIA. Thez component of the microwave

cies, () simulation using equatiofL) with the parameters,,,=8.8 GHz, B, field is reduced by 15% on the side of the optical wind@elid line)
=26 GHz. d.= compared to a resonator without optical windédashed ling The shaded
Vinin=2. 2,do=0.037 mm.
areas represent the quartz tube walls.

frequency dependence of the BLG resonator can be d

; Svindow, the magnetic flux lines are distorted towards the
scribed by

outside of the tube. As a consequence the magnetic field
1 strength inz direction,B,,, is reduced, as is shown in Fig. 4,
v(d)= , (1) where resonators with and without optical window=(3
p2—y72 mm) are compared. The plot shows a trace of th@ompo-
SR nent of the microwavd; field in thex-y plane of the reso-
d nator at the sample positiorz€£0, x=0). Without optical
1+ d_ window the B, distribution is symmetric relative tg=0
0 (dashed ling The optical window ay=+3 mm breaks the
where d is the bridge/gap distancey,, and vy, are the  symmetry of the distribution and reduces the magnetic field
frequencies for maximum and minimum bridge/gap distance&trength inside the resonator by up to 15% of the center field
anddy is the minimum bridge/gap distance. The measurestrength(solid ling). If the sample is confined tp=+1 mm,
ments of Fig. 3 are well described with,,,—=8.8 GHz, as is the case for our sample holder, the reductioB,ofan
Vmin=2.6 GHz anddy=0.037 mm. be limited to 5% over the sample volume.

The S-band frequency range could be realized with a  Figure 5 shows the excellent field homogeneity of the
BLG structure of 8 mm outer diameter and only one gapBLG resonator along the axis in the center of the quartz
With this design frequencies between 1.9 and 3 GHz wergeube x=0, y=0). Only near the window regiorz& +1.5
accessiblgTable ). mm) the magnetic field is reduced bBy3% (solid line).

It turned out that once the resonator is coupled, fine tun-  Dielectric losses due to electric field components inter-
ing of the frequency can be done without severely changingcting with the sample remain very small within the resona-
the degree of coupling. The loaded Q values of the resonaer since the electric field is located mainly at the outside of
tors at liquid helium temperature are listed in Table I. As thethe quartz tubé! Besides the resonance mode described
resonator was planned to be used in coherent pulsed micrabove, the BLG resonator has also an unwanted resonance
wave experiments, a good homogeneity of the induced magnode without strong magnetic field at the sample position.
netic field is required at the sample position. The field distri-
bution of the resonator fundamental mode was calculated by
using the MAFIA program(MAFIA is a software package to

determine three-dimensional electromagnetic field dis- o WOF e—————g----- [
tributions'?). The results show that the magnetic flux lines g N
are concentrated inside the tube and the quartz tube walls E 095}
along thez axis of the resonator. In proximity to the optical - window
L L domain 1
= 7 4
TABLE |. Characteristic parameters of the tuneable bridged loop-gap reso- % 0t
nators. g
[=}
S 00la . . . .
Outer diameter Frequency range  Q value 10 -5 0 5 10
(mm) Specification (GH2) (loaded z [mm]
6 1 loop/1 gap >3
6 1 loop/2 gaps 3.9-8 350-450 FIG. 5. B, field distribution of the BLG resonator along the axis
8 1 loop/1 gap 1.9-3 600-750 (x=0,y=0) calculated with MAFIA. TheB,, component is reduced by
8 1 loop/2 gaps >2.9 ~3% in the window areésolid line) in comparison to the resonator without

optical window(dashed ling

1982 Rev. Sci. Instrum., Vol. 68, No. 5, May 1997 Zero-field ODMR
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FIG. 6. Experimental setup for pulsed microwave ODMR experiments in
zero magnetic field including the option for microwave detection. TWT:
traveling wave tube amplifier; MC: monochromator; PM: photomultiplier;
OMA: optical multichannel analyzer; amp.: GaAs low noise amplifier;
Nd:YAG: pulsed laser.

phosphorescence [a.u.]

The proper mode for ODMR experiments can be identified (a) 0,00 005 0.10 015

by tuning the resonator. While the resonance of this mode is : time [s]

shifting to higher frequencies by increasing the distance be-

tween bridge and gap, the “wrong” mode shifts to lower FIG. 7. MIDP experiments on the photoexcited triplet state of acridine:
frequencies. Apparently the wrong mode is located betweefPmparison between slow-wave hefsy and BLG resonatob). The MIDP

. . time profiles are compared to the phosphorescence without microwave irra-
the bndges and the outer shield of the resonator holder and_b?‘ation (dashed lines The ODMR transition was excited at the center fre-

present for both loop-gap configurations used. Its behavior iguency of 2.473 GHz |T,)—|T,) transition. The phosphorescence was
the same for room and liquid helium temperatures. monitored using the photomultiplier with a low-pass time filter.

11l. EXPERIMENTAL SETUP FOR ODMR . . . . .
The first type of experiment is microwave induced de-

The experimental setup for zero-field pulsed microwavedayed phosphorescena®IDP).® Two strong microwave
ODMR experiments, including the option for microwave de- pulses of identical duration are applied with a certain delay
tection, is shown in Fig. 6. All experiments were performedafter the photoexcitation of the molecule, while the time be-
at pumped helium temperatuf®.4 K) in a bath cryostat. The havior of the phosphorescence is monitored. Due to a spin
molecular crystal sample@000 ppm acridine in fluorene, selective inter system crossigC), the triplet|T,) level of
1000 ppm benzophenone in a 4gibromodiphenylether acridine contains more than 90% of the entire triplet
matrix) were excited with the third harmonio\ 355 nm,  populatiort* if the Sy-S; transition of the acridine guest mol-
pulse length 12 nsof a pulsed Nd:yttrium aluminum garnet ecules is selected for excitation. At 355 nm excitation wave-
(YAG) laser. The phosphorescence light was analyzed by kength, however, the guest molecule triplet state is populated
monochromator in combination with either a photomultiplier via the excited host molecule triplet state. This process
or an optical multichannel analyzé®MA). The OMA was causes a reduction of the above mentioned ISC selectivity
operated in a gated mode so that the diode array was sensind results in a less effective population of tig) level. If
tive only during the gate timet{,=10 ms. a microwaver pulse is applied to théT,)—|T,) transition,

In addition to the optical detection a microwave detec-the population is transferred to th€,) level having a phos-
tion of the magnetic resonance is possible using a mixephorescence rate ¢f,~4 s * (k,~89 s ). As a conse-
configuration with a circulator, since the BLG resonator isquence, the first microwave pulse reduces the phosphores-
operating in reflectionFig. 6). The microwave pulses are cence intensity while the second pulse increases the
formed on the low microwave power level of the synthesizerphosphorescence intensity by repopulating the strongly radi-
(+10 dBm with subsequent amplification by a 20 W ating triplet level|T,).
traveling-wave tub€TWT). The master clock of the experi- Figure 7 shows the MIDP experiment on acridine using
ment, which is used to trigger the laser as well as the OMAthe BLG resonator and the slow-wave helix, respectively.
and all the mw switches, is a pulse generator with a timeThe first mw pulse is set 2 ms after the laser excitation, the
resolution of 4 ns. second one after a delay of 75 ms. The MIDP effect reaches
its maximum when the pulses are pulses (g, =40 ns,
theix= 300 ng. It is clearly seen that the change in phospho-
rescence is considerably enhanced using the BLG. This is

In this section we compare pulsed experiments with thedue to the strongeB, field in the BLG resonator§,~4.5
BLG to those with the broadband slow-wave helix structure G) compared to th®, field in the helix 8,~0.6 Q. As the

IV. EXPERIMENTS
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FIG. 9. Optically detected two-pulse echo experiment on the triplet state of
acridine (2.473 GHrusing the slow-wave helix. The echo was recorded
under identical conditions as those with the BLG resonatb#(75 ms,7=2

us).

echo intensity [a.u.]

tection in zero fieldFig. 6). While microwave detection of
the Hahn echo is feasible only with the microwave resonator,
16 18 20 22 24 26 optical detection is possible both for the BLG and the helix
t[us] (Figs. 8 and @ Using the helix the Hahn-echo is approxi-
mately a factor of 2 broader than when using the BLG reso-
FIG. 8. Optically (@) and microwave detecteth) two-pulse echo experi- nator. This is related to the differeB fields for helix and
ment on the triplet state of acridine (2.473 GHising the microwave BLG ~ resonator when applying the same microwave power. As the
resonator ¢’=75 ms,7=2 us). helix cannot excite the entire zero-field transition, the echo
width in the time domain is broadened compared to the reso-
nator.
linewidth of the investigated ODMR transition is about 5  The choice between microwave and optical detection of
MHz, the helix is not able to excite the whole line, therefore magnetic resonance depends on the properties of the sample

—_—
QO
el

the microwave effect is smaller. under study. Since it is always possible to transform a popu-
The second type of experiment we present is a zero-fieltation difference(longitudinal magnetizationinto a trans-
Hahn ech&1® using the following pulse sequence: verse magnetization and vice versa, both methods can prin-
’ , cipally be applied. A comparison of the sensitivity of both
-7 - @2-7—7 - 1 - .
LJ JT YW T ﬂ% methods has been done by Schmidt and collaboratbrey
preparation evolution detection showed that optical detection is only much more sensitive if

the echo signal can be converted into a pulse of light against
2 zero background. In practice, however, noise arising from

During the preparation sequence thepulse transfers background radiation is usually present so that often it might
the population to the slowly decayirld,) level. After the be more advantageous to use microwave detgctlon._
time 7' (=80 ms$ the population of théT,) level has de- Finally we present a two-pulse echo experiment in the C
cayed to 10* of its initial value due to its faster phospho- band. The measurements on {fig)—|T) transition of the
rescence rate, while tH&,) population has only decayed to €xcited benzophenone molecule=5.226 GHz are per-
75% of its initial value. The evolution period consists of aformed using the tunable one loop/two gaps resonator with
two-pulse echo sequence forming an echo signal at the tim@n outer diameter of 6 mm. Figure 10 shows the microwave-
' = r after the inversion pulse. The detection is done by arfletected echo experiment with ar-pulse length of
additional 7r/2 probe pulse which is necessary to transformtg =48 NS {neix=260 ns.
the coherent echo signal into an optically detectable popula- In summary we have described a tuneable microwave
tion difference!’ In the case of microwave detection of mag- bridged loop-gap resonator for the S and C bands allowing
netic resonance the echo signal is measured, of course, withoth optical and microwave detection of magnetic resonance
out this 7r/2 probe pulse. transitions. The resonator concept allows a change of the

The zero-field echoes of triplet state acridine are showraccessible frequency range simply by exchanging the quartz
in Figs. 8 and 9. For the optical detection the OMA wastube containing the loop-gap structure. Due to the BLG de-
gated for 10 ms after the/2 probe pulse to accumulate the sign a high microwave field homogeneity is achieved over
phosphorescence changes due to the Hahn-echo pulse ¢gee sample volume while dielectric losses are strongly re-
guence. The experiment was repeated several times for duced. This is because the electric field is confined to regions
fixed time 7’. With this technique the echo is recorded pointoutside the sample volume. The microwave pulse lengths—
by point in the time domain by stepping the time The use compared to the conventional slow-wave helix—could be
of the tunable BLG resonator also allows a microwave de+educed nearly by an order of magnitude allowing a more

1984 Rev. Sci. Instrum., Vol. 68, No. 5, May 1997 Zero-field ODMR



use the MAFIA program for calculating the microwave field
distribution. This work was supported by the Deutsche For-
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