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A “shunt” Fabry—Perot resonator for high-frequency electron spin
resonance utilizing a variable coupling scheme
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We report on the performance of a Fabry—Perot resonator for far-infrared electron spin resonance
(FIR-ESR)at 250 GHz designed to accommodate a thin, disk-shaped sample that must rest with its
flat surface perpendicular to the incident FIR beam. This geometry minimizes dielectric losses,
making it possible to obtain FIR-ESR spectra of aqueous or lossy samples with a macroscopic
ordering, at canonical values of the director tilt of 0° and 90°. The resonator also utilizes an
adjustable interferometer to achieve variable coupling in the FIR regimel9@8 American
Institute of Physicg.S0034-6748(98)01608-6]

I. INTRODUCTION where some macroscopic ordering is present in the sample,
for example, in studies of aligned model phospholipid
High-frequency electron spin resonar@&SR)is an im-  membrane$,the axis of symmetry of these samples will lie
portant technique for the study of biological systems due tgormal to the flat surface of the sample holder. Because of
its enhanced resolution to ordering and dynamics as conthe design of our high-field superconducting magnet, the FIR
pared to ESR at conventional frequencieBor aqueous beam propagates parallelBg, so the sample holdéshown
samples, the challenge is to avoid the substantial dielectrigy Fig. 1 as a continuous thin bpis for the case off =0°.
losses at 250 GHz that occur when an aqueous sample pegnfortunately, this sample geometry cannot be rotated
etrates into a regime of a non-negligible far-infrar@dR)  within the FP resonator to give the case®f90° (shown
electric field?> Extensive experiments with various sample by the dashed thin box in Fig.)1without causing drastic
geometries carried out in this laboratory have demonstratedielectric losses due to its penetration into several electric-
that even a slight overlap between the sample and the resgield (E;) maxima, as well as improper sample alignment in
nator electric fields, on the order of submicroliter volumes, isthe B, field. (Note from Fig. 1 that theB; field maxima
enough to create unacceptable losses for 250 GHz ESR. Ogtcur at theE, field nodes, but have similar mode patteyns.
recent development of sample holders for aqueous sampl&similarly, because the design of most superconducting, high
has extended our studies at 250 GHz to spin labeled biopoljnomogeneity magnets requires that access to the area of high
mers in biologically relevant environmeritsThese tech- magnetic field be limited to a relatively long and narrow
niques have also made it possible to study macroscopicallwarm bore, rotating the magnet or the source/resonator/
aligned samples such as model phospholipid membrithes. detector assembly to obtain different valuestfis not a
It is well known that more detailed information on the order- realistic option.
ing and dynamics of such samples is obtained when ESR  Tgq solve this problem, we have designed and fabricated
spectra are recorded as a function of director tilt anjle a FP resonator that holds the disk-shaped aqueous sample at
defined as the angle between static magnetic-Bgldnd the  an optimum position in the resonator as before, but with the
macroscopic director axfs. axis of symmetry of the FP resonator perpendicular to the
However, an aqueous sample must be geometricallyxis of the FIR beam that travels from the source to the
matched to the lowest-order mode of the Fabry—P&f8)  detector. In effect, the sample and FP resonator have been
resonator in order to maximize the overlap of the samplggtated by 90° in order to obtain ESR spectra witk-90°.
with the B, field. This achieves a higher sensitivity for ESR Together, with the original FP resonator and aqueous sample
because it simultaneously maximizes the resonator fillinghg|ger designr, this arrangement yields high-frequency ESR
factor and resonatd® by minimizing dielectric losses in the spectra for macroscopically aligned and lossy samples at
sample. When lossy solvents are present, this requires a flags—g° and 90°. For brevity, we denote this resonator as a
disk-shaped sample geometry that sits with the normal to it8shynt” resonator.
flat face parallel to the direction of propagation of the far- Since the propagating Gaussian beam from the FIR
infrared Gaussian beam mode as it travels from the FIRgyrce is now orthogonal to the fundamental mode of the
source through a transmission-mode FP resonator, and on f@sonator, a different design than an iris aligned along the
the detector. This sample geometry is shown in Fig. 1. The heam mode axis is necessary for coupling FIR radiation into
sample, the electric- and magnetic-field intensities, and thghe resonator. Instead, coupling is now achieved by utilizing
resonator are all cylindrically symmetric. For many casesyp, adjustable interferometer. This technique is a quasioptical
extension of the common practice of tuning dband reso-
@Electronic mail: jhf@msc.cornell.edu nator by mechanically varying the effective impedance of the
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FIG. 2. A diagram of the Fabry—Perot “shunt” resonator in which a thin,
_ I disk-shaped and macroscopically ordered san(glés oriented so that the
I I PSSl i ) -~ applied static magnetic-fiel, is 90° with respect to the sample’s symme-
S5 1 08 ’(&ﬂ 5 1 18 A8 -1 08 v(:m» 05 1 1§ try axis. In order to keep resonat@rand the sample filling factor high, the

far-infrared Gaussian beaithe beam’s radius is indicated by the dashed
FIG. 1. A contour plot of the magnitudes of the electric fidieft) and the !ines) is deflected to be perpendicular to its original axis by an ag!justaple
magnetic fieldright) in a Fabry—Perot resonator operating in the fundamen-interferometer(c). In order to tune the resonator, one of the spherical mir-
tal Gaussian beam mode. The field intensities are given at 10%, 30%, 500%0rs forming the resonat¢m) can be moved. Additionally, in order to place

70%, and 90% of maximum. The mirrors of the resonator are shown athe sample at &, field maximum, the sample itself can be mechanically
dashed lines, and a disk-shaped sample is showr(@ménuous)hin box. moved along the resonator axis. The lenses refocus the Gaussian beam from

If the normal to the thin sample lies perpendicular to the sample’s flat edgéhe bottom to the top optiguide as indicated. Also, although a resonance can
(i.e., parallel to applied magnetic-fieB}, which lies along the axis), then D€ found for any linearly polarized Gaussian beam mode, ESR-active polar-
this configuration represents tHe=0° director tilt case. Tha#=90° direc-  ization is indicated byB, andE; .
tor tilt case is shown as a dashed thin box, which will lead to unacceptable
losses for samples containing water at 250 GHz. of the Gaussian beam mode is sufficient to examine these
features. These effects slightly lower the reson&@oand
resonator iris to provide optimum coupling for a given cause slight shifts in the resonant frequencies of the system.
sample>~" While the present FP design is fixed to provide awe also neglect all higher-order radial modes of the FP reso-
tilt ¥ of 90°, we also briefly indicate how the design could nator. A description of these effects and the justification for
be modified to provide ESR spectra for any tilt angle. their neglect are discussed in Ref. 3. For this simplified case,
the fields in the resonator can be completely described by the
seven complex field amplitudes shown in Fig. 4. They are
the amplitudes of the electric field of a traveling Gaussian
Figure 2 shows a scheme for the shunt resonator. Theeam modefor a description see Ref.) &t the adjustable
static magnetic-field direction is shown IBy. The dashed interferometer, shown as a diagonal line in Fig. 4. The ar-
lines represent the beam radii of the FIR Gaussian bearfows refer to the direction of propagation of each beam
modes. The lenses at the top and bottom refocus the FIRiode. The amplitudes of the modes in arm 2, into which FIR
beam that travels upwards alomsy in the optiguide. The radiation from the source is reflected by the adjustable inter-
FIR source sits below the resonator, while the detector i§erometer, are given by, anda, ; and for arm 3, from
above. The second set of dashed lines represents the fundshich FIR radiation is reflected out of the resonator to the
mental mode of the shunt FP resonator, which is formed byletector, we usaj anda; .The FIR beam from the source
the two spherical mirrors labeled as m in Fig. 2. The thin,has amplitudea; , and the amplitude of the beam that is
disk-shaped sampi@) is set to one side of the FP resonator. reflected back towards the source is givendyy.The FIR
The mirror-to-mirror distance must be adjustable in order tadbeam that propagates to the detector has ampliajde
tune the FP resonator; additionally, as discussed béfibre, We need to solve foa, in terms ofa; and four other
sample position along the axis of the resonator must be ineomplex parameters which characterize the shunt resonator.
dependently adjustable in order to place the sample in a réFhey include the reflection and transmission coefficients of
gion of the maximunB, field. This is achieved through the the adjustable interferometdR; and T, for FIR radiation
use of two separate cams labeled as C and |, respectively, incident from either the source or from arm 2; aR¢ and
the exploded view of the shunt resonator assembly given iff,, for FIR radiation incident from arm 3. The two sets of
Fig. 3. Coupling between the two orthogonal FIR beams isoefficients might not be the same if the interferometer is not
achieved through an adjustable interferométgset at a 45° symmetrically constructed. The other two complex param-
angle to both modes. It is constructed from two dielectriceters ard’, andI'3, which are the product of the factors for
sheets, which are separated by a small gap whose depth psopagation down an arifof the forme?™""* wherel is the
adjusted by the screw labeled as F in Fig. 3. arm length), reflection from its mirror, and then propagation
This resonator has features intermediate between thod®ack to the center point of the resonator. The magnitudé of
of a transmission-mode and those of a reflection-mode resdas a measure of the loss of FIR amplitude due to dielectric
nator. A simplified model that neglects all diffractive effects losses in the resonator arm or to conductive losses at the

Il. DESIGN AND EXPERIMENTS
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wherel is the length of the resonator arm,is the sample
thickness andck is the sample material's complex dielectric
constantc is a constant that depends on the number of spins
present and their geometric arrangement in the resonator, and
x is the complex magnetic susceptibility associated with the
ESR signal. The second exponential term in Ek.repre-
sents dielectric losses for the FIR beam in passing twice
through the sample. Reflections from the sample surfaces are
neglected. We have also assumed thgt<1 in writing Eq.
(1), i.e., the effect of the sample’s ESR signal is a small
perturbation on the resonator fields, which is nearly always
the case. In the absence of saturatigris independent of
B,, and hence, of, anda, . While more general effects
such as reflection of FIR radiation from the sample and
power saturation can be taken into account, for simplicity in
clarifying the role of the shunt resonator we shall assume a
“weak” and unsaturated ESR signal here.

To determine the strength of a magnetic-field
modulation-detected ESR signal, note that a power-law de-
tector detects the transmitted power given|ay/a; |?, and

FIG. 3. An exploded view of most of the parts used to construct the shun;[he strength of a magnetlc-fleld modulation-detected ESR

resonator. They are aluminum except for the modulation coil form, whichSignal will be proportional to the first derivative of this signal
was poly-(4-methylpentene-1(TPX), and the pins, cams, and screws, With respect to By, which is proportional to
which were nonmagnetic brag#®) Platform that is also part of the optigu- O7|a;r/al+|2/3|rn| wheren is the arm in which the sample
ide to the FIR sourcgB) Movable mirror andC) the mirror's cam(D) The o 10

) . Sits:
bottom part andE) the top part of the adjustable interferometer assembly, . . .
which also has pins upon which mirror B slides. The dielectric sheets that 1€ Set of equations for the field amplitudes are then
form the interferometer are glued to the angled faces of parts D afid B.  (see Ref. 11 for further details):
screw to adjust the height of part DG) The modulation coil form and
sample holder(H) A fixed mirror with pins on which part G slide¢l) The a; =Rja, ,
cam that moves part G along the resonator adisA cap for the resonator
that fits into the optiguide heading towards the detector. The lenses to focus a, =I'sa
the Gaussian beam mode are held in parts A and J.

. . L . 2
mirror. Moving the mirror in an arm will change the phase of - —T.as @)
I" for that arm, and altering the gap in the adjustable inter- 3T 1%z
ferometer ch.ange.s the valuesRyf, R,, T4, andT, (further a§=1“3a§,
details are given in Ref. 9).
If an ESR-active sample is placed in one of the shunt a; =R,aj +T,a; .
resonator arms, it modifies the value Bf, for that arm Solving for the transmitted radiation. we have
(wheren=2 or 3. The effect of the ESR absorption in the ving : lation, W v
shunt resonator can be represented by a; ~ ( R,R,I,I5 .
— =T, =S )
Detector l+ 1=TiTololy
The tuning curve for the shunt resonator is given b
g g y
?aj |ay /a; | as a function of the phase of tliefor the arm with
_ i _ the adjustable mirror. It shows the same general features as
L éi————i— VA TN L observed in Fig. 5, i.e., the power incident on the detector is
2 > T > 2 at a minimum when the shunt resonator is on resonance, as is
é the case for a reflection-mode resonator. However, the input
ai’i ay port is physically separate from the output port, as in the case
LY of a standard transmission-mode resonator.
Source The FIR radiation is not symmetrically distributed be-

tween the two arms of the shunt resonator. From the above
FIG. 4. Thg field. amplitudes. of the shunt FP resongtor: the s'@fl&ﬂom equations, it can be shown that the maximBpfield always
the so+urce is SplIF by trje.adjus.table |nterferom§ter E[ﬁ?by transmission occurs in arm 2. This suggests that the sample should be
anda, by reflection;a, is derived from reflection of, from the back . o
mirror of arm 2, and is then split inta; by reflection anda; by transmis- pl‘?‘ced In-arm 2 for greatest SenSItIVIty tO_ ESR, and also
sion; finally, a; is derived from the reflection af; from arm 3 and con- ~ raises the question of whether the coupling into the resonator

tributes toa; by reflection anda, by transmission. should be equal to the coupling out of the resonator, as is the
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for which it can be found that global maxima occur for vari-
ous values of|[[',I's|<1 near a=pg. For example, when
|T',I'5|~0.9, the maximum sensitivity occurs far~0.3,
with « decreasing as the resonaf@rincreases. Thus, the
adjustable interferometer should be constructed symmetri-
cally, using two dielectric sheets of equal thickness.
In determining the needed radii of the lenses and the
mirrors, the most important consideration in the design was
Resonator length (arbitrary) the space constraint: the resonator had to fit within the warm
bore of our superconducting magnet, so its overall diameter
FIG. 5. Transmitted power as a_function of the mirror-to-mirror separationwas limited to 45.5 mm. The other main requirements are
of the shunt resonator, for two different valuesdodf ~0.4 and~0.1 mm, . L
corresponding to the cases of an overcoupitéashed curveand an opti-  that the Gaussian beam mode incident from the bottom op-
mally coupled (continuous curve)resonator, respectively. Because the tiguide with a beam waist radius afy=4.5 mm must match
mirror-to-mirror distance is _adjusted manually by a cam, the spacing of thghe Gaussian beam mode focused into the top optiguide with
resonances appears to be iregular. wo=6.7 mm. The beam waist radius should be centered on
the adjustable interferometer to minimize walk-off los&es.
o The choice of a beam waist radius is a compromise between
case for the transmssmn-mogle FP reson%lﬂgr.order 0 4 small enough radius to fit the beam within the aperture for
answer these questions, examine the expressions for the EQR, interferometer, and a large enough radius so that losses of
sensitivity: (‘7/‘7|F2|+)|a§/2""1+|2 if the sample is placed in arm 4 qiation out the side of the open resonator due to beam
2, and @/d|T's])[az/a; | if the sample is in arm é‘?_Be- divergence do not significantly degrade the reson@to®ur
cause only the produdt,l’s appears in the expression for ;¢ constraints limited both the interferometer aperture and
the transmitted power, it can be seen by inspection that thg,a mirror extent. Our final design has a 16 mm diam aper-

ESR sensitivity of the shunt resonator is independent of¢ for the interferometsithe circular bore holes in parts D

which arm the sample is placed in. Even though there i$nq £ of Fig. 3, and a mirror radial extent of 16.3 mm. At
more power for the spins to absorb in arm 2, partial reﬂecs[he interferometerpo=2.31 mm, while at each mirror the

tion from the interferometer prevents the full signal from paam radius grows te-4.1 mm. The mirror radii of curva-
reaching the detector, thereby balancing out the sensitivity,,re are 30.0 mm. and the mirror-to-mirror distance can be

between the two arms. _ o varied from 40.4 to 33.3 mm. As the cafpart C of Fig. 3
In order to determine the coupling that maximizes ESRig med, the FP resonator tunes throughO resonances.
;e_nsnwny, we start Wlth the expression for the ESR sensi- Any semireflective, nonlossy surface, such as a wire
tivity for the sample in arm 2: mesh grid or a thin sheet of dielectric, can be used for the
interferometer. We used Myldpolyethylene terephthalate)
because it is available in high-quality sheets of various thick-
ness, from 0.01 to 0.50 mm, and is stiff enough to remain flat
(4  across a 16 mm span. The index of refraction for Mylar is
n=1.8 with a loss tangent of around 0.01 at 250 Gee
Ref. 13 for a list of the complex dielectric constants of vari-
ous materials used in the FIR regimAlthough Mylar has a
where the expression is evaluatedxat|I",I'5|. As |T',I'5]  larger loss tangent than many other dielecttitthis does
—1, FIR losses in the shunt resonator decrease to zero ambt represent a drawback, because the resofatsdimited
the resonato) depends only on the coupling. The phase ofby dielectric losses in the aqueous sample. Sheets of 0.25
the termT,T,I',I'5 is given by ¢, and the phase difference mm thick Mylar were glued to their framéparts D and E of
betweerR;R, andT,T, is given byé. If we assume that the Fig. 3) using a silicone adhesive. Two 0.05 mm thick sheets
interferometer is lossless, then we can |8 =sin «, |T,|  were tried, but they resulted in an undercoupled resonator
=cosa, |R,|=sin B and |T,|=cosB. The coupling that that could not be adjusted to a critically coupled state. Shown
maximizes ESR sensitivity will occur at the global extremumin Fig. 5 are two power transmission curves for the empty
of S;(«a,B,d,¢). It can be shown that there are several ex-shunt resonator, in which the influence on the resor@tof
trema ofS, as a function of§ and ¢, but the global maxi- varying the gap between the two Mylar sheets can be ob-
mum occurs for6=¢$=0. Since¢ is the total phase change served.
of a FIR beam as it makes one round trip in the shunt reso- In order to understand why the 0.25 mm thick Mylar
nator, the conditionp=0 simply states that the shunt reso- sheets worked well, we examine the performance of the ad-
nator should be tuned on resonance for maximum sensitivityjustable interferometer as a function of dielectric sheet thick-
We then have that nesses and materials. The method of solution is similar to
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that of Ref. 9, so we only give the results here. If a single S L L L A L
dielectric sheet is used as the beam splitter, then we can use
an Airy function for the reflection of a plane wave off a

PR R A R |

(6)

wherer,, r;, te, andt; are the reflectivities and transmis-
sivities for a plane wave of a fixed polarization from outside
and inside the dielectric, respectively, afits the phase due
to propagation through the dielectric sh&kEor Mylar, the 389 3.90 YT Y
shunt resonator is undercoupled for sheet thicknesses of 0.31 Field (T)
mm and for the case where no dielectric is pregeat, at a ) )
sheet thickness of 0 mm, no FIR radiation is shunted into th I_G. 6. 250 GHz ESR spectra of a macroscoplpally all_gned mot_jel phosp_ho-
. ipid membrane at two different values of the director tilt. The difference in
Fabry—Perot resonatorAt 0.16 and 0.47 mm thickness, a the two line shapes is indicative of the extra information for ordering and
very broad tuning dip indicates an overcoupled resonator. Alynamics that is available when ESR spectra at bbth0° and 90° are
intermediate values of 0.08, 0.23, and 0.39 mm, the emptgbtained.
resonator is optimally coupled. For variable tuning, we can
use the above expressions for the reflection from a single
dielectric sheet into a second Airy function that models thesample as close to the adjustable interferometer as con-
reflectivity of an interferometer consisting of two dielectric straints allow, since the sample will then be closer to the
sheets separated by a gapdofUsing 0.25 mm thick Mylar beam waist where the field surfaces have a greater radius of
sheets gives the adjustable interferometer a wide range iurvature’ Because of the limited diameter of the supercon-
reflectivities to allow for a full range of coupling upon vary- ducting magnet's warm bore, the amplitude of the modula-
ing d. Thinner sheets undercouple the resonator for any valuéon field is somewhat lower than we usually use. It is ex-
of d, while thicker sheets would lower the resonafun-  pected that the sensitivity of this device could be improved
necessarily. for a larger warm bore, a higher modulation field, or the
Note that the resonator supports both linearly polarizedmplementation of a different modulation schefie.
modes. TheQ of the resonator changes as the polarization =~ We demonstrate the use of this resonator with the fol-
vector is rotated, due to the dependence of the reflectivitielowing example'® Shown in Fig. 6 are 250 GHz ESR spectra
of the dielectric sheets upon tBg field polarization** How-  of a macroscopically aligned model phospholipid membrane
ever, only one polarization is maximally ESR active: that in(80 mol %  1,2-dimyristoyl-sn—glycero-3-phosphatidyl-
which theB; field remains perpendicular &, at the sample, choline to 20 mol% 1,2-dimyristoydn—glycero-3-
as shown in Fig. 2. Because of these facts, this resonator hagosphatidyl-L-serine). The alignment of the membrane is
a partial “bimodal” property to it. In fact, if the angle be- such that the normal to the surface of the membrarie
tween the Fabry—Perot resonator axis and that of the optigyparallel to the cylindrical axis of the disk-shaped sample
ide axis could be altered to match the Brewster angle of dolder. The membrane is fully hydrated and these spectra
dielectric sheet, then the resonator could act as an inductionvere obtained at 10 °C, so the sample must be treated as very
mode resonator, although we mention that it would probabhijossy to FIR radiation. The nitroxide spin label is a choles-
be better to use wire grid polarizers if such a mode of operaterol analog CSL, 3-doxyl-m-cholestane). CSL is present at
tion was desired. a 3 mol % concentration, which for thel mg sample trans-
Reasonable optimal alignment in the FIR is ensured byates into 3x 10'® spins in a sample volume &f1 ul. CSL
keeping tolerances at a level that can be achieved using staaligns in the membrane such that the nitroxide N—O bond
dard machine shop practices0.001 in. for dimensions, and (theX axis of the moleculeand the axis along the nitroggn
+5° for angles between surfage$lost of the components orbital (the Z axis) both lie perpendicular te. Due to the
are aluminum or brass, so that thermal stresses would netisotropy of they tensor, the ESR resonant field occurs at
cause moving parts to lock up. Temperature control igifferent values wherB, is parallel toX, y, or z of the
achieved by flowing dry nitrogen gas through the entire resonitroxide, as is labeled in Fig. 6. The top spectrum was re-
nator space, with input and output ports on either side of theorded in our standard Fabry—Perot transmission-mode reso-
TPX coil form. We have stabilized the temperature in thenator, for whichBy, is parallel ton, and the single sharp peak
resonator from—10 to +70 °C, although at higher tempera- demonstrates that CSL orients with jtsaxis parallel ton.
tures the thin Mylar sheets curl up. The TPX modulation coilWhen this same sample is placed in the shunt reson@gor,
form (part G in Fig. 3 had 100 turns of 30 awg wire is now perpendicular ta, and as a result the ESR spectrum
wrapped in bands immediately above and below the samplésees” CSL oriented with itsk axis or itsz axis parallel to
which is held on a circular ledge. The TPX frame can beB, with equal probability. It is precisely this kind of resolu-
moved by its cam=1 mm in order to set the sample at a tion to ordering provided by FIR-ESR that drives the need
point of maximumB; field. In general, it is best to keep the for the shunt resonator.

dielectric sheet: )
=
5o
ritet,e?? ttie'?
R(sheet=r +—————, T(sheef= —————, ._g
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Finally, we briefly note that more extensive information Nos. RR 07216 and GM 25862. One of the auth@r®.B.)
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angles near 0°, the mirrors begin to block the Gaussian beam(Chapman and Hall, London, 1973), Chap. 2; J. Barthel, K. Bachhuber, R.
from th r nal from30° ° | _ Buchner, and H. Hetzenauer, Chem. Phys. L&85, 369(1990); J. B.
t O é eHSOU ce, but a dg es to 30° to 30 could Ee ob hi hHasted, S. K. Husain, F. A. M. Frescura, and J. R. Birch, Infrared Phys.
ained. However, we advocate a second approach In WNICN 1 (1987); M. N. Afsar and J. B. Hasted, J. Opt. Soc. A1, 902(1977).
the axis of the FP resonator is rotated at any angle with3J. p. Barnes and J. H. Freed, Rev. Sci. Instra#).2838(1997).
respect tdy, and the axis of the FP resonator is horizontally :M- Ge, Di E. Budil, agdl J. ':I- Freed, Biodphyz-ﬁll, 2326(1994). ]
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offset from the axis of the‘f)ptlgwd(_a |n”order to. pr_event any Optical Resonance, edited by W. S. Warfé&eademic, San Diego, 1996
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Coupling is through a pair of flat 90° mirrors, one of which ®w. B. Lynch, K. A. Earle, and J. H. Freed, Rev. Sci. Instr8, 1345
rotates fixed with the FP resonator. This approach would,(1988). o _
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(1996).
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