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We describe a far-infrared electron-paramagnetic-reson@daB®&) spectrometer for broadband
(100-300 GHZ use. The spectrometer is operated in the reflection mode and uses broadband
quasioptical methods to separate the transmitted from the reflected radiation. We describe and
illustrate its operation at 170 GHz.8 mm)and compare its performance to that of our transmission
mode spectrometer operating at 250 GHz. We also discuss the advantages of the reflection bridge
for performing EPR experiments over a broad range of frequencies, and we consider methods of
improving the performance of the bridge. This includes a novel design for variable coupling of the
reflection-mode Fabry—Rat resonator. ©1996 American Institute of Physics.
[S0034-6748(96)05507-4]

I. INTRODUCTION and we study its performance at 170 GHz. Our reflection
bridge is based on optical polarization coding techniques to

Since its discovery in 1944 by Zavoisky, electron para-separate the reflected EPR signal from the power incident on
magnetic resonancEPR) has typically been performed at the FP resonator. This is the first implementation of a qua-
frequencies lower than 40 GHz. This limitation is not a fun-sjoptical reflection mode bridge for EPR. We discuss the
damental one; rather, it is a technical one. Recent develotesign considerations for broadband operation in Appendix
ments in source, detector, and magnet technology have pet, which develops the necessary quasioptical theory for un-
mitted the exploration of ever higher frequencies for EPRderstanding the principles of operation.
These developments have been reviewed elsewhdigh- There are several advantages of reflection versus trans-
frequency EPR, which we may take to be EPR performed afnission mode spectroscopy. First of all, the reflection mea-
W band (95 GHz) and higher in frequency, is now well surements can be performed in such a manner that the signal,
established; * following the pioneering work of LebedeV.  which is typically small, can be observed on a low-power

Key advantages of high-field/high-frequency EPR are apackground. In transmission, an optimally coupled resonator
follows: increasedy-tensor resolutiofi; better resolution of  will have a homodyne bias power equal to 1/4 of the avail-
the zero-field-splitting tensdr;and increased sensitivity to aple power from the sourcdn other words, the small signal
details of the rotational diffusion proces$eBhe majority of s riding on top of a high-power background, which can limit
EPR spectroscopists exploring this new frequency regimene dynamic range of the detector as we discuss in Ref. 1 and
uses microwave techniques to generate and detect the ERRR Appendix A to this work. Theoretically, one expects an
signal. As the EPR frequency increases, however, converenhancement o8/N by a factor of about 15 from an opti-
tional microwave propagation techniques become exceednally coupled reflection-mode bridge. In addition, a
ingly lossy, and the usual components for constructing a mireflection-mode FP resonator provides better conversion of
crowave bridgée.g., circulators, fundamental mode cavities, power into far-infrared(FIR) magnetic field(i.e., the cou-
etc.) are unavailable above 150 GHz. Our group has intropling quality factorQ. is improved). Theoretically, one es-
duced the use of modern quasioptical technigiés over-  timates a factor of 5 enhancement3N from better reso-
come these difficulties at higher frequencies. One of the manator coupling: Also of some significance is the fact that a
jor advantages of quasioptical techniques is that they can bgansmission spectrometer uses the entire length of the warm
made broadband with very low insertion los8ds.their ap-  bore for the optical path, whereas a reflection bridge only
plication to EPR, however, quasioptical techniques havaises(e.g., the lowerhalf for the optics, making the re@.g.,
hitherto been limited to transmission mode designs: eithethe upper half)javailable for temperature control, resonator
with a Fabry—Peot (FP) resonator” or a single-pass tuning arrangements, and other excitation soufees, rf for
transmissiorf. electron-nuclear double resonand@&E\NDOR), or optical fi-

The concept of a broadband, quasioptical spectrometer isers for photoexcitation).
also a natural consequence of developments in modern EPR  To optimize the performance of the reflection bridge we
where multifrequency studies have been used to elucidatgeed a method of adjusting the coupling to the resonator in
details of structure and dynamics that are ambiguous fronarder to have a reflection null on resonance. The experimen-
single-frequency studi€si~*?In this article we report on a tally observable quantity is the loaded quality fac@yr. It
novel quasioptical reflection mode spectrometer that can bgepends on the coupling to the cavity, i®, and the un-
tuned to operate at any frequency between 100 and 300 GHibaded quality factoR, in the following way'*
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The sourcd1) launches a linearly polarized Gaussian beam
that is transformed to the appropriate beam waist radius by
(8) lens (2) and the first off-axis mirron3). The beam waist
radius is the ¥ radius of the Gaussian beam field amplitude
at the position of least radial extent. Diffraction effects pre-
M vent the beam from being focused to a true point focus. For
more details, the reader may consult the literattt&he
beam waist radius is also called the beam waist for brevity.
When we use the expression “at the beam waist” it refers to
©) the plane normal to the optical axis which contains the circle
(12) V defined by the beam waist radius.
After the beam waist has been transformed by lg)s
and off-axis mirror(3), the beam is reflected from the grid
) polarizer (4). The next two off-axis mirrorg5) form a
Gaussian beam telescope, which focuses a converging beam
onto the polarization transforming reflect®TR) 6), which
we configure as a quarter-wave plat&igure 2(ajshows the
polarization evolution of the Gaussian beam as it propagates
through the signal arm of the bridge. FigurdPshows how

4
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A the PTR accomplishes its polarization transformation func-
I ) tion. We discuss the PTR in greater detail below. The beam
I waist at the output of the PTR is chosen to be at the aperture
@) 3) of the corrugated waveguidg). We use corrugated wave-

guide for its low-loss, polarization-preserving properties,
which we discuss in more detail below.
FIG. 1. Optical layout of the quasioptical reflection mode bridge. The com- ~ The PTR actually generates a circularly polarized beam
ponents are numbered as follow$) source;(2) coupling lens(3) parabo- a5 discussed below. This circularly polarized beam travels
loidal focusing ml!’ror_;(4) duplexmg grid; (5) Gaussian beam two—ml_rror through the Corrugated Waveguidlé) and is incident on the
telescope(6) polarization transforming reflectof7) corrugated waveguide; - - o .
(8) mesh-coupled Fabry-Re resonator{9) paraboloidal focusing mirror; ~ resonator(8), which is shown in detail in Fig. 3. Due to the
(10) flat mirror; (11) focusing lens; and12) detector. cylindrical symmetry of the resonator and the waveguide, a
high degree of mode purity is maintained. As the external
For a reflection-mode spectrometer, it is well-known that onenagnetic field is swept, the EPR absorption changes the un-
can achieve a reflection null on resonance wilgn=Q,,. In  loaded quality factoQ, . The loaded quality facto®, will
this case, one may verify from E¢l) thatQ, =Q/2. The therefore change according to EG). The coupling quality
properties of the sample can have a profound effec@gn factor Q- does not change, however. The EPR-induced vio-
independent of the coupling to the generator and detector. Ilation of the conditiorQc=Qy changes the reflection coef-
this sense, we may say that the sample affects the unloaddigient of the resonator, and thus the level of the reflected
quality factorQy, of the resonator. signal. The reflected signal, still circularly polarized, travels

Our recent work with lipid dispersioRsand conducting through the corrugated waveguid@) and retraverses the
crown ether electridé® has emphasized the need for devel-PTR (6), where it is converted back to a linearly polarized
oping a means of variable coupling to the resonator. For sucaussian beam orthogonal to the incident bésee below).
lossy samples, the unloaded quality factor of the resonatofhus, the PTR codes the EPR signal by polarizing itg
Qy is much lower tharQ,, for low-loss, simple fluids such with respect to the incident beam. Note that the PTR directs
as toluené:*! In order to maintain a reflection null on reso- all of the incident beam to the resonator and all of the re-
nance for such a variety of samples, it is necessary to varilected signal to the detector, unlike a simple beam divider,
Q¢ so that the optimun®, =Q,/2 can be maintained. which would discard half of the source power and half of the

The drawbacks of conventional iris coupling for an opensignal. Another virtue of the PTR for EPR is that in gener-
resonator such as a FP resonator are examined in detail laging a circularly polarized beam from all of the incident
Matsui, Araki, and Kiyokawa® We discuss a quasioptical radiation, the PTR increases the magnitude of the appropriate
variable coupling scheme below, which allows us to varyB,; rotating field by a factor o2 from what would be ob-
Qc. It is discussed further elsewheke. tained with the original linearly polarized beam.

In this article we discuss our initial success with the The returning beam is now transmitted through the grid
quasioptical bridge design. We describe the FIR-EPR spegolarizer(4) (i.e., the grid polarizer is precisely oriented to
trometer based on this bridge in Sec. I, and we discuss oueflect a beam with the polarization of the incident beam,
tests and experiments in Sec. lIl. which guarantees that it will transmit a signal with polariza-
tion orthogonal to the original, reflected beariihe trans-
mitted beam is focused onto the detectd®) by the final
off-axis mirror (9), flat mirror (10), and leng11). The flat
The optical layout of the spectrometer is shown in Fig. 1.mirror (10) is only used for convenience. We present a math-

Il. SPECTROMETER
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FIG. 2. (a) This figure shows the polarization evolution of a Gaussian beam
as it traverses a polarization transforming refle¢®fR) and Fabry—Pret
interferometer(FPI) operating in reflection mode. Initially, the beam is lin-
early polarized at+-45°. The exit beam is linearly polarized at45°. The
dotted lines indicate a polarization component that is retarded by a quarter
period with respect to the polarization components indicated by a solid line.
The optical layout shown here is an “unfolded” version of the polarization A
coding duplexer discussed in the section on reflection mode spectroscopy.

We have unfolded the layout in order to indicate more clearly how the . . ,
polarization develops. In the physical realization of this device, the FPIFIG. 3. Detailed optical layout of broadband Fabryrdeeesonator. The
reflects the Gaussian beam back toward the PTR, the optical path retracg@Mponents are numbered as follows: external coupling mesh) inter-
itself, and the exit beam propagates antiparallel to the initial beam with 12! coupling mesh(3) mirror guide sleeve(4) spherical focusing mirror;
final linear polarization rotated by-90° with respect to the initial linear ~(5) Gaussian beam coupling telescof®); corrugated waveguid¢7) exter-
polarization.(b) This figure shows the optical path difference and the beamn@! Mesh tuning sleeve8) fixed resonator guide nut9) spherical mirror
separation between the reflected and transmitted portions of a Gaussiddning rod; and(10) magnetic-field modulation coils. The components are
beam incident on a polarization transforming refledTR). The optical ~ discussed in detail in Sec. II.

path differenceA.”=AB+BC —ANis 2t cos, whered is the angle be-

tween the wave vector of the incident radiation and the normal to the plane

of the PTR, and is the separation between the grid polarieand the sentially, we use the grid polarizé4) to separate the EPR

mirror M. The geometrical phase differencegs-ka./=4mt cosd/\. We — gigna)| from the excitation field. Radiation leaving the source
ignore contributions te from terms~A.v/z,<1, wherez, is the confocal . l | larized at 45° with t to th l to th
distance. The beam separationds- 2t sin 9. The dashed line indicates IS linearly polarize _a ; with respec 0 € normal to the
radiation linearly polarized at an angle of 45° with respect to the pageplane of the page in Fig. 1. The EPR signal reflected back
surface. The thin solid line indicates radiation linearly polarized in the planeinto the bridge is linearly polarized at45° after the PTR, as
of the page, and the thick solid line indicates radiation linearly polanzedshOWn in Fig. 2(a), and can be separated for subsequent de-
normal to the page. . e . . .

bad tection by the grid polarizef). It is for this reason that we

: . . . : use only those optical elements that preserve polarization.
ematical analysis of the PTR in Appendix B, which uses the The PTR performs its polarization transformation with a

Jones matrix formalisii to analyze the polarization state of grid polarizer and a flat mirror to introduce a phase shift

the \(lsve;urs]cs):;n ?:;n;tuap%nofeaiss_%gee ttr? r(;zggstshignpgf%our ke between two orthogonal components of a Gaussian beam.
P ) . p. ¥The mechanism for inducing the phase shift is shown in Fig.
components of the reflection bridge: the PTR, the corrugateg (b)

waveguide, the reflecting optics, and the resonator. Suppose the PTR in Fig(® has its grid aligned verti-

cally, i.e., along they axis. In this orientation, half of the
radiation will be transmitted and half of the radiation will be
A unique feature of the reflection bridge is the use ofreflected, because the incident beam is polarized at 45° with
polarization coding to separate, or duplex in engineering respect to the vertical. At the output of the PTR, the output
parlance, the transmitted and received Gaussian beams. Hseam is circularly polarized by the appropriate choice of the

A. The polarization transforming reflector (PTR)
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grid mirror spacingsee Fig. o) for a geometric construc- C. Reflecting optics
tion of the path difference between the two components of
the beam]. Upon reflection from the FP resondsme Fig.

o . . . corrugated waveguide for the broadband portion of the
2(a)], the beam, still circularly polarized, is again analyzed _ . o L
) ; : ridge. Metallic mirrors have two principal advantages over
into two orthogonal, linearly polarized components by the

. . : . “the lenses that we have used previodshirst of all, the
grid [see Fig. #)]. The component transmitted by the grid reflectivity of most metals is essentially unity for the band-

has picked up a total phase shift efwith respect to the idth of interest, 100—300 GHz, so that losses are not a

reflected component, which causes the output polarization t S .
P put P problem. Second, metallic mirrors do not need the antireflec-

rotate by=/2 with respect to the initial polarizatidisee Fig. % ) )
2(a)] y P P a g tion layers that are required for lenses in order for them to

closely approach ideal performance, as we discuss below. In

also Appendix B; it has many desirable features for this order to easily separate the incident beam from the reflected
particular application. First of all, it is a low-loss device @M of a metallic mirror we use non-normal incidence,

which can be tuned for use at any frequency from 100 to gpdvhich limits our use of metallic mirrors to a r'egion outside
GHz, by adjusting the grid/mirror spacing. Second, it has & the warm bore of the magnet, where there is enough room
high degree of mode purity when operated at a low angle ofo position the- optics in a sc_)ph|st|cated, nonlinear arrange-
incidence and small beam displacement, as shown in Fig. ’€nt such as illustrated in Fig. 1. _
(see also Appendix B). It is also a compact device. In order to facilitate the manufacture of the reflecting
The mode purity of the PTR is an optimum at only one OPtics, it is important to choose a diameter as small as is
frequency for a given grid/mirror separation. For our appli-Practical. Diffraction and beam truncation effects set a theo-
cation, this means that noise components outside of a narrotgtical lower limit to the diameter of a lens or mirror in order
bandwidth centered on the carrier frequency will not bet0o propagate undistorted Gaussian beams. An essentially
transmitted efficiently through the bridge. In particular, thepure Gaussian beam is preserved upon passage through an
noise components outside of the pass band of the PTR wifptical system if the aperture diameter is at least three times
be elliptically polarized, and only a portion of the noise larger than the beam radius at the optical elemerthe
power will be transmitted to the detector through the duplexdinite aperture converts some of the fundamental Gaussian
ing grid polarizer(4) in Fig. 1. Thus, the PTR functions as a beam into higher-order modes via diffraction effects, but the
tunable, noise-limiting, bandpass filter for the bridge. Wecriterion we have stated corresponds to a mode conversion
have shown elsewher¢hat the instantaneous bandwidth of loss of —0.05 dB, which is negligible for most
the PTR is approximately./10, wherew, is the carrier fre-  applications:> The longer the wavelength, the more stringent
guency. At 170 GHz, the instantaneous bandwidth of théhis criterion becomes. The aperture diameter is chosen to
PTR is 17 GHz by this estimate, which provides a usefulsatisfy the low-loss propagation criterion for our lowest de-
level of bandwidth limiting. Without a bandwidth-limiting sign frequency: 100 GHz.
component, the noise input characteristics are set by the in- The most useful mirror profiles for our system are con-
put bandwidth of the waveguide in front of the Schottky cave ellipsoidal, which is analogous to a double convex lens,
diode, which can be 100 GHz or more in the FIR. We dis-and concave paraboloidal, which is analogous to a plano-
cuss the performance of the PTR in Sec. Ill. convex lens. We discuss the use of a concave spherical mir-
ror at normal incidence in Sec. || D. When used at non-
normal incidence, conic section mirrors have significant
aberrations, but the aberrations can be cancelled if the mir-

We chose to use a combination of reflecting optics and

The PTR is described in greater detail elsewhé&tésee

B. Corrugated waveguide rors are arranged appropriately in pditsThe properties of
For our initial experiments, we chose to use corrugateUch @ Gaussian beam “telescope” are useful in a variety of
waveguidé” with a bandwidth of approximately 3:0100— applicationsg. We present a brief derivation of the properties

300 GHz), which puts our 170 GHz source at about mid-Of @ Gaussian beam telescope in Appendix C.

band. Unlike a conventional, smooth wall waveguide, a cor- ~ BY choosing the focal lengths of the paired reflecting
rugated waveguide couples extremely efficiently to aOPtics appropriately, it is possible to make the input and
Gaussian bearf The cylindrical symmetry of the corru- Output beam waist radii frequency independénthich fa-
gated waveguide allows it to propagate circularly polarizeccilitates the design of a broadband bridge enormously. This
beams with ease. The corrugations are necessary in order B@int is particularly important for the coupling to the corru-
make the wall of the waveguide reactive, which allows thegated waveguide, which has a fixed input beam waist of 6.7
balancedHE;; mode to propagat¥. The pitch of the corru- mm. If the input beam waist at the corrugated waveguide
gations sets the high-frequency band edge. When the corrivere frequency dependent, we would lose the desired broad-
gation pitch equals 1/2 of thd E,; mode wavelength, Bragg band response.

scattering occurs, which distorts the Gaussian b¥afthe There are three locations in the reflection bridge where
diameter of the waveguide sets the low-frequency respons#he beam waist is on the order of the radiation wavelength:
At sufficiently low frequencies, the attenuation becomes toghe output of the source; the input of the detector; and the
large to be useful. Doane’s arti¢leshould be consulted for a input of the FP resonator. The source and detector couple to
detailed comparison of the performance of smooth wall ang small beam waist in order to make the coupling optics from
corrugated waveguides. free space to waveguide less bulky. The FP resonas
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Sec. Il D)uses a small beam waist to concentrate thelBJR thin enough so that it is not highly absorbing and yet has a
field in the resonator. sufficiently large conductivity so that it makes a good mirror.
At these three places in the bridge, diffraction effectslt is also necessary that the sample be flat and of sufficient
cause rapid beam growth because the beam waist is on thadial extent so that it intercepts an appreciable fraction of
order of the radiation wavelength. For such small beanthe incident radiation.
waists, it is difficult to couple the beam efficiently to a re- The component that is common to all of the resonator
flector at non-normal incidence. Optical elements at normatonfigurations that we have studied is the spherical mirror.
incidence couple symmetrically to a rapidly diverging beamAs we have discussed above, the Gaussian beam is focused
and refocus it without introducing serious aberrations. Foidown to a beam waist of approximately 2 mm on the sample.
example, the spherical mirror in our FP resonator has th&he role of the spherical mirror is to refocus the radiation
smallest focal length to aperture ratio of any element in theonto the sample. In this sense it acts as a converging lens.
entire optical train. Yet, because it is used at normal inci- We should mention that there is a lower theoretical limit
dence, we do not have to worry about beam aberrations. to the beam waist. In general, a free space Gaussian beam
At the output of the source and the input to the detectorhas a minimum beam radius wf>\/2 so that the approxi-
we do not have the luxury of using reflecting optics at nor-mations used to derive the Gaussian beam from Maxwell’s
mal incidence, because we must separate the input from theguations will be valid:® Of course, the smaller the beam
output beam. The basic problem is that the aberrations inheradius at the sample, the higher the BRfield, because the
ent in a reflector with a small focal length to aperture ratiointensity, which is proportional t83, is higher. On the other
and non-normal incidence, which would otherwise couplehand, a small beam waist causes rapid beam growth, which
efficiently to a beam with a small beam waist, quickly de-requires a larger diameter spherical mirror to avoid beam
grade the fundamental Gaussian content of the bEdM/e  truncation effects in the resonator. The argument is the same
discuss how one may use lenses to overcome these difficulss given above in Sec. |l Gsee also the discussion in

ties in Sec. Il E. Lesurf®). A beam waist of 2 mm is a reasonable compro-
mise between the desire for a large BRield at the sample
D. Fabry—P¢ rot resonator and the necessity of limiting the radial extent of the spherical

The resonatok8) in Fig. 1 is shown in more detail in m'”_?_L‘ ¢ . f th be found
Fig. 3. It is precisely located at the position of highest ho- e resonant frequencies of the resonator may be foun

mogeneity in the warm bore of the 9 T magnet describedoy_demar.]dlng .that the be"’!m in the resonator ha_ve a phase
previously? shift that is an integral multiple ofr between the mirrors of

The meshes labeled) and(2) in Fig. 3 are used to vary the resonator. The beam growth in the resonator means that

the coupling into the resonator defined by the sle@jeand or:_e cann;)ttrs:mply use L?[Iafne wave analysis. Dleﬁ”eo! catlﬁu-
curved mirror(4). In order to understand how the meshes carﬁ |onts 01,9’21?: resonan reque_ltu_:y a;? _av?lta et mth te
vary the coupling into the resonator, we note the following lterature. or our purposes, 1t Is sutficient 1o note tha

useful optical equivalence theorem: Any multisurface opticalthe resonance condition corresponds approximately to a

system can be analyzed in terms of two equivalentmi”or/meSh separation that is an integral number of half-
surface€® wavelengths.

The two meshes1) and (2) can thus be replaced by a We now wish to describe some of the more conventional

fictitious equivalent surface whose apparent reflectivity ma)}alernents of our reflection bridge spectrometer.
be varied by adjusting the spacing between meghgsand
(2). This is the optical analog of a tuning screw in the iris of
a conventional microwave cavity. We take the other optical
surface to be the surface of the spherical mi@r. These As we mentioned in Sec. Il C, we use a small beam
two surfaces, the fictitious equivalent surface and the physiwaist in the FP in order to concentrate the FBR field. A
cal surface of the curved mirror, define the dimensions of thaypical value is 2 mm, although it can be varied over a finite
resonator. The loaded quality fact@; and the reflected range to optimize the coupling to the EPR sample. The beam
power is an involved function of the reflectivity of the waist at the detector and source are on the same order, 1.7
meshes(1) and (2) and the spherical mirrof4) which we  mm, and as we also discussed in Sec. Il C it is difficult to
have derived in detail elsewhete. couple a small beam waist to a reflector at non-normal inci-
In order to compare the performance of this novel tuningdence.
arrangement with conventional methods of coupling, we also  For that reason we use lenses at the output of the source,
constructed an iris-coupled flat mirror which uses a conicalnput of the detector, and input to the FP resonator to trans-
horn to couple to the incident Gaussian beam, which we haviorm the beam waist to a value that couples more easily to
used previously. The coupling of this device is not variable, the bridge. Given that the sources and detectors in our cur-
however. Nevertheless, we have found it to be a useful wayent set up are optimized for a limited range, it is not a
to test the performance of the spectrometer as we discuggoblem to manufacture lenses that are appropriate for each
further in Sec. Ill. detector and source. The focal length is chosen so that the
We have also used the reflectivity of the sample itself tosame physical position for the lenses can be used for all
define the flat mirror of the resonator. This technique is usesources and detectors which facilitates multifrequency opera-
ful for solid samples in special situations where the sample ision. We have also chosen the beam waist to be 1.7 mm for

IE. Coupling lenses
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FIG. 4. Block diagram of phase-locked source at 170 GHz. The principles of operation are similar to classical frequency synthesizer designs.

all sources and detectors so that we can use a frequencgntireflection grooves introduce a small astigmatic compo-
independent Gaussian beam telesctgme Appendix €to  nent in the beam which can degrade the purity of the Gauss-
couple into the bridge. ian beanf® In practice, this is not a problem for the trans-

A two lens Gaussian telescoB) in Fig. 3 (see also mission mode spectrometer at 250 GHaven though it uses
Appendix C)is used to couple the radiation from the output multiple lenses with antireflection grooves. Nevertheless, we
of the corrugated waveguide to the FP resonator. An axialljhave chosen a conservative approach for the reflection bridge
symmetric system is desirable in the warm bore of the magthat will limit this source of beam degradation.
net because of space constraints, which is why we use two
lenses to couple to the FP resonator as opposed to a mirror gt Grid polarizers
non-normal incidence and a lens at the source and detector.

The property of lenses that makes them narrow band for W€ use grid polarizers in the reflection bridge for two
our application is the necessity of providing antireflectionPUrPOSes. First, we use them to discriminate between the

grooves. The dielectric mismatch of a Teflon—air interfacePClarization coded EPR signal and the excitation field, as we
reflects~4% of the incident power unless some method isdiScussed in Sec. Il A. Second, they are an important com-

used to reduce the reflection. At 250 GHwe used Teflon Ponent of PTRs as we have shown in Sec. Il A. We have

lenses with antireflection grooves to reduce the reflection coneasured the performance of our grid polarizers, and they

efficient of the lens. The insertion loss of a lens with antire-Provide a polarization discrimination of 30 dB, which is a
flection grooves is typically-0.15 dB!® We note that the useful level of pe_rformance. OL_Jr grid polarizers were pur-
dispersion and losses in Teflon are very low at thesé:hased from Millitech Corporation, but the technology for

: : 6
wavelength€? Therefore, by using grooves of triangular Making them is well knows:
cross section, it is possible to make an antireflection surface
that is analogous to a tapered transmission line, with imG. Source
proved broadband performan@el?or our initial experiments The source is similar to the unit used for measurements
we used lenses optimized for 170 GHz. _at 250 GHz. A block diagram of the source is shown in Fig.

All of the reflecting and refracting optics were machined, The output of the doubler is connected to a,FEEy,

at Comell University using standard shop procedtfresd o4 transduce?, which in turn connects to a Gaussian
standard machine shop tolerances. For the reflecting optigsiugm launching scalar feed hdfhin order to keep the sca-
we note that the performance of an optical system in the FIR,. 1o 10 4 reasonable size, the output beam waist is chosen
is diffraction limited, which means that reflecting optics must;, pe 1.7 mm. This is the same output beam waist that is used

be machined to tolerances of at leagg0 in order 10 ap- ¢4 the 250 GHz source and was chosen for compatibility
proach diffraction-limited performance. Even at 300 GHz,.ith that device.

which corresponds to a wavelength of 1 ma20~0.002 in.
corresponding to a tolerance ¢0.001 in., which is straight- .
. . . . H. Diode detector
forward to accomplish with standard machine shop practices.
We have made a conscious effort to keep the number of For these experiments we used a Millitech Schottky di-
lenses as low as possible in the reflection bridge because tlogle detector optimized for use over the 170—-220 GHz band
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with comparable performance to the unit used at 250 &Hz.pose, inhomogeneities in the cardboard which can cause
The Schottky diodes are room-temperature devices that arariations in the attenuation from run to run are not a prob-
easy to use. We have also used a broadband InSb hdem.

electron bolomete(infrared Laboratories), which eliminates For precise values of attenuation, we use calibrated at-
the need for switching detectors when operating in differentenuators made from carbon black sandwiched between TPX
bands. It is a cryogenic detector, however, which requires goly-methyl-pentene)layers similar to those described
regular schedule of maintenance. elsewheré&. These calibrated attenuators are primarily useful
for varying the incident power on the resonator.

The duplexing grid(4) in Fig. 1 is initially oriented to
reflect all power into the PTR6). This is trivial to accom-

We now discuss how we use the EPR magnet designeglish because the polarization of the source is known, and we
for work at 250 GHz(8.9 T for g=2.00 systemsfor our  can align the grid4) by eye. We have also used the duplex-
measurements at 170 GHz. At 170 GHz, the Larmor field isng grid (4) as a continuously variable attenuator. The frac-
6.05 T forg=2.00 systems. The mode of operation is quitetion of the power that is transmitted from the source to the
similar to what we are accustomed to at 250 GHmmely, PTR depends upon the orientation of the duplexing grid. The
we charge the main coil to the desired field near the Larmopower incident on the PTR follows Malus’s lawcos 9,
field and then use the sweep coils under the control of ahere is the angular deviation of the grid orientation from
programmable power supply in order to record a spectrumghe orientation that provides a reflection maximum.

The same power supplies that were used for the 250 GHz  |n order to lower the standing wave ratio in the bridge,
spectrometer were also used for these experiments. We ugg put a beam dump behind the duplexing grid when oper-
standard magnetic-field modulation at frequencies betweegited as a variable attenuator. Note that the optical path in
10 and 100 kHz in order to record first derivative spectrafig. 1 allows us to separate the unused beam from the signal
The modulation coils are labelgd0) in Fig. 3. A Stanford incident on the detector. In this sense, the duplexing grid
programmable DSP lock-in is used to generate the referenGgses spatial coding to multiplex the unused portion of the
signal for the magnetic field modulation and detection referpyeam and the EPR signal. The well-defined, nonoverlapping
ence. The modulation signal is amplified by a home-builtgayssian beams that we use are crucial to the success of this
transconductance ampliffeuned to the reference frequency. scheme.

Of course, if the duplexing grié4) is rotated, the PTR
J. Dewar (6) must be realigned to function properly. For this reason,

o we only use the duplexing gri@}) as a coarse attenuator.
The Dewar that houses the magnet is different from the  The next step is to rotate the grid polarizer of the PTR

one we have used preyiou§lyt has a longer hold time due (g) which is shown in more detail in Fig(®, so that the

to a larger He reservoir and more efficient design. Our prepTr may produce a circularly polarized output beam, as dis-
vious hold time was 14 h. Itis now 72 h, although we usually;ssed in Sec. Il A and Appendix B. The spacing between
refill every 48 h in order to provide a safety margin. The e grid polarizer and the mirror of the PTR is now varied

warm bore diameter is 45.5 mf4.790 in.)which is conve- il there is a reflection maximum at the detector. Recall

nient for setting up experiments but does reduce the holg 4t for tuning purposes we reflect all of the power back into
time over what is in principle achievable. the bridge.

I. Magnet

The orientation of the PTR grid and the spacing of the
. RESULTS PTR mirror can now be optimized to find an absolute maxi-
mum in reflected power at the detector. This occurs at a
grid/mirror separation such that the phase shkift n\/4

Our first experiments were designed to verify the prin-wheren is a small, odd integer. A large value of corre-
ciple of using the PTR to duplex the transmitted and receivesgponds to a large grid/mirror separation, which reduces the
radiation. These experiments also allowed us to developutput beam overlap. This point is demonstrated graphically
techniques for tuning the bridge for use at a given frequencyin Fig. 2(b).

In order to tune the bridge, we put a reflecting surface at  In our current setup, there is a slight misalignment be-
the input of the corrugated waveguide so that all power thatween the PTR grid and PTR mirror which limits the achiev-
passes through the PTR is reflected back into the bridge. Wable overlap between transmitted and reflected be@®s
used a beam chopper at 100 Hz to modulate the FIR sourdke discussion by Earle and co-workeend Appendix B.
power. The source, a Millitech Corporation 10 mW phase-The consequence of the imperfect overlap is that there is
locked device, could damage the diode detector if all of thancomplete conversion of linear to circular polarization on
available power were incident on the diode. For the bridgehe first pass through the resonator and incomplete conver-
tuning procedure, therefore, we attenuate the beam. sion of circular to linear polarization on the second pass.

In our experience it is convenient to use a stack of cardWhen the alignment is ideal, the polarization isolation should
board sheets as an approximate variable attenuator. We hake 30 dB' We have observed 17 dB with the current sefap
verified experimentally that the cardboard does not degradtactor of 50), which is sufficient for demonstrating the prin-
the linear polarity of the Gaussian beam and, since a preciseiple. Whereas, we are taking steps to perfect the alignment
repeatable value of attenuation is unimportant for this purof the PTR to obtain a level of performance comparable to

A. Bridge tuning
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that reported in the literaturé,our present purpose has been Polyaniline at 170GHz
to demonstrate the feasibility of the EPR reflection bridge.
We have also measured the polarization isolation via EPR.
We return to this point after we discuss the performance of
our resonator.

4x10° T T T T T T

34

po b el oy

B. Resonator tuning

Once a reflection maximum has been found, the reflector
at the input to the corrugated waveguide in Fig. 1 may be
removed and the resonator may be tuned. This is accom- = 0
plished by varying the position of mirr@4) in Fig. 3 to find
a reflection minimum on resonance and then varying the
spacing between meshéb) and (2) in Fig. 3, which varies
the coupling into the resonator. If the resonator is critically
coupled, the reflected power is zero on resonance. Once the -2
resonator is tuned, we remove the chopper, sweep the mag-
netic field, and use standard magnetic-field modulation tech-
nigues to register the EPR signal.

The loadedQ of our resonator is rather lowQ, ~200,
which is comparable to th@, of our 250 GHz spectrometer,

even though the coupling mechanism is quite different. The ) . .
reflection minimum is also at a higher level than expected®*change-narrowing effect on the line shape. A detailed re-

We believe that the departure from the expected performanc_‘?—:ort of that research may be found elsewhérde discuss .

is due to two effects. First, the meshes must be mountelf! Sec. IIIE ho_V\_/ Fhe 170 GHz specira may be used to esi-
sufficiently flaf® to minimize scattering and mode conver- mate the sensitivity of the 170 GHz spectrometer by com-
sion losses. In addition, the coupling aperture at the input garnson with the 250 GHz spgctra.

the FP resonator is also known to play a crucial role in de- ONe feature of the experimental setup deserves further
termining Q, . The method of mounting the mesh must comment, however. The sample was prepared as a thin,

therefore ensure that the mesh is sufficiently flat and also théf’l;,nd dihSk' We relied on ,t’hefcor;ductivity of the sample 1o
the coupling aperture diameter is optimized to minimize botri€finé the bottom “mirror” of a lowQ FP resonator. We

the power lost to scattering in the resonator and the leakag@diusted the power incident on the sample by tuning the
power reflected on resonante. position of the duplexing grid4) in Fig. 1 to a suitable level

We are in the process of adapting mesh-mounting tech@S discussed above.

niques that guarantee a high degree of flafffassthe con- In order to avoid damaging the 170 GHz detector, we
fined geometry of our spectrometer. In addition, we arechose an incident power on the resonator of approximately

studying the optimum coupling aperture for minimizing scat-200 #W- Due to the lowQ, of this arrangement and the high
reflectivity of the spherical mirror, much of this power was

tering losses in the FP resonator. e s
In order to study the role of coupling in the performance'nc'dem on the detector. We observed no deleterious effect
m this level of incident power, except for a reduction in

of the FP resonator further, we replaced the meshes in the FfrEp

resonator with a conical horn that was coupled to a flat miri"® dynamic range of the detecteee Appendix A).
The experimental spectrum at 170 GHz is shown in Fig.

ror via iris coupling. This arrangement is similar to one that X o )
5. Note that the signal to noise is excellent. In order to opti-

we commonly use at 250 GHzWe found that the reso- - . o L
nances were comparable to what we have observed at odpize the EPR signal once it is detected, we tune the position

GHz. In fact, our first EPR spectrum from the 170 GHz of th_e upper mirrox4) in Eig. 3in prder to maximize the FIR
bridge was taken on diphenylpicrylhydraz@lPPH)with the B, field at the sample with the field held constant.
iris-coupled resonator. The spectrum of DPPH at 170 GHz is

similar to what we observed at 250 GFimamely, it is @ p EPR measurement of polarization isolation

broad spectrum with evident polycrystalline structure.

T

/ [arb. units]

[N N ETET A RN ErE )

I PR R T WU SR RN S S
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FIG. 5. EPR spectrum of polyaniline at 170 GHz. This spectrum was taken
with a reflection bridge spectrometer. The signal-to-noise ratio is 530.

There is an interesting feature of our bridge arrangement
that we now discuss. Most EPR spectrometers use linearly
polarized radiation at the sample, which may be considered

In order to proceed beyond simple tests and demonstrae be a superposition of two counter-rotating, circularly po-
tions of principle, we observed the EPR spectrum of polyaiarized excitation fields. Only one of the circularly polarized
niline, a conducting polymer, prepared in the laboratory ofcomponents is effective at inducing EPR transitions,
Professor Khidekel at Chernogolovka.The property of however Since we excite our sample with circularly polar-
polyaniline that makes it intriguing for FIR-EPR studies is ized radiation, we need to ensure that we are generating the
that there is significant exchange narrowing of the polya-correct circularly polarized excitation field. Given that the
niline FIR-EPR spectrum possibly mediated by polarbhs. correct choice of circular polarization state depends on the
Spectra at 170 and 250 GHz were taken to elucidate thsign of the gyromagnetic ratio, then, in princigié it were

C. Spectra of polyaniline
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Polyaniline at 250GHz GHz spectra should be about 40% that of the 250 GHz, in-
stead of the observed factor of 3 grea®N for the 170
GHz experiment. The standard analysis, however, does not
take into account the extra virtues of a reflection bridge such
as the weaker carrier signal reaching the detector, as noted in
Sec. |. We are also aware of the subtle dependen&&hdbn
the precise location of a sample in the FP reson#tdhird,
the insertion loss of the components for the reflection bridge
is intrinsically lower than that for the transmission bridge
(see the discussion in Secs. Il C and ]I Eastly, we note
that the reflection bridge is mechanically more rigid, because
the components are mounted on a rigid base. It seems rea-
sonable that these factors taken together could account for
the better performance of the reflection bridge than a
Ve o . straightforward extension of the 250 GHz spectrometer per-
A YIPRRNYIT 8918 8920 8922 8.924 formance would imply.
B,/ [G] x10* It is clear that improvement of the performance of the
resonator would be the next key step in increasing the sen-
FIG. 6. EPR spectrum of polyaniline at 250 GHz. This spectrum was taker$itivity of the 170 GHz bridge. This requires the full imple-
with a transmission mode spectrometer. The signal-to-noise ratio is 180. mentation of the double mesh coupling scheme of Sec. Il D,
which will enable us to match the FP resonator to further
not generally well known), our reflection bridge could be SUPPress any carrier signal from reaching the detector and
used to test the sign of the princifgtensor values by mea- Will increase the resonat@, . In addition, by improving the
suring the signal strength of the EPR signal as a function oflignment of the PTR to achieve maximuire., 30 dB)po-

polarized. the detector. Since the PTR effectively acts as a @Wwand-

In order to test this feature of our spectrometer, we tookP@Ss filter(see the discussion in Sec. I)Asuch improved
170 GHz EPR spectra of a polycrystalline DPPH sample ifpolarization isolation would also reduce the noise input to
an iris-coupled resonator and varied the spacing between tfg€ detector.
grid and mirror of the PTR from/4 to 3\/4, etc. The polar- In future work we also plan to address the broadband
ization of the excitation field varies from left- to right-hand Performance of this reflection-mode bridge.
circularly polarized as the PTR is tuned to successive
quarter-wave phase shifts. We observe that the EPR sign&ICKNOWLEDGMENTS

maximum does indeed vary between successive quarter- This work was supported by NIH Grant No. RR07126
wave phase shifts of the PTR. The ratio between successiv, d NSF Grant No. CHE9313167. The authors thank Profe,s-
maxima is 13 dB, which allows us to infer that the degree ofor P. E. Goldsmith and Professor D. E. Budil for many
polarization isolation is also at that level. This level of po- seful discussions. The meshes used in our initial experi-
larization isolation is 4 dB less than the measurements mac{;(:e]entS were a gift‘ from Professor David E. Budil of the
without the resonatofsee the discussion in Sec. Il) AWe Northeastern University Chemistry Departmént.

attribute the 4 dB difference to the coupling iris, which per-

turbs the Gaussian beam and reduces the mode purity of the
beam. APPENDIX A: EFFECT OF HIGH BACKGROUNDS ON

SCHOTTKY DIODE DETECTORS

6X10-6 T T T

Do

[l
LA B R S S I S N B S B S B R

%"/ [arb. units]

AW TR N S W N SRS A N ST T NN S '

I

o A large background power, which is an ineluctable con-
E. Spectrometer sensitivity sequence of the transmission mode, can dramatically reduce
In order to test the sensitivity of the 170 GHz spectrom-the sensitivity of diodes operated as detectors. The signal
eter, we compared EPR spectra of the polyaniline sample weurrentl s that flows in the detector is given By

used for our measurements at 170 and 250 GHz. The 250 ls=BP,, (A1)
GHz spectrum is shown in Fig. 6. We estimate the signal to

noise &/N) for both spectra by comparing the low-field e Rg f\]°2

peak height to the rms noise voltage in the baseline. The B= 2nkgT 1+R_B) 11 fo ' (A2)

signal to noise for the 170 GHz spectrum, shown in Fig. 5 is

530. The signal-to-noise ratio for the 250 GHz spectrum is _ nkgT (A3)
180. Based upon standard signal-to-noise considerations dis- B e(lgtlg)’

cussed by Earle and co-workérghe fact that the same _

sample was used, and that many of the features of the spec- Rv=Rg+Rs, (A4)
trometer were the same or similar at the two frequencies, werhere P,; is the power incident on the detectgs, is the
are able to predict what th&/N should be, in principle. Our current responsivity of the diode, which is typicallyA/
estimate[see Eq(73) of Ref. 1] is that theS/N for the 170  uW, e is the elementary charge of the electranjs the
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ideality factor of the diode, which is close to unity in a good A Jones vector is a matrix representationefviz.,
design kg is the Boltzmann constant, is the temperature of

the diode Rg is the spreading resistance of the diode, which  g_
is typically 5 ), Rg is the base-band dynamic resistance,

which is typically 5000() for incident powers up to a few
uW, f is the frequency of the incident powdy; is the cutoff
frequency of the diode, which is approximately 1 THz for
millimeter wave diodes, anlg, is the dc bias current which is
typically on the order of a fewA.

The figure of merit for a millimeter diode operated as a Ev=Eo
detector is the video resistanBg , which in turn depends on
Rg . Rg has a significant power dependence for high incident
powers through its dependencelgn The current responsiv-
ity B is only weakly dependent on the incident power, and ) ) ) )
we will take it be 1A/ W for this analysis. For an incident wherew, is the beam waist radius. In terms of the coordinate
power of 1 mW, Eq(Al) impliesIs=1 mA, and we may System we have used abo\e,|=E, and|Ey|=E,.

use Eq.(A3) to showRg=25 Q. For an incident power of a In Appendix C we use the system transfer matrix to
few wW or lower, Eq.(A3) shows thatRg is essentially study the effect of an optical system on the parameters of a

independent of input power and equal to 5000 Hence Gaussian beam. A similar formalism exists for studying the

Ev
Ey

. (B1)

The Jones vectors of a horizontally polarized Gaussian beam
E, and a vertically polarized Gaussian bedty of field
strengthE, at the beam waist may be represented as follows:

1
ole e, (B2)

0
[, (B3)

n=Eo

high incident powers reduce the video resistance. polar@zat?on evolution (_)f a Jones vector asa beam traverses a
The minimum detectable signal for a detector is givenpolanzatlon t_ra_nsformlng system. In _th|s case the system
by transffer_ matrix is c_alled a Jones matrix. The ;lmplest Jones
7 matrix is the matrix that describes the polarization vector
b _1 (4kBTAf> (A5) reflected from an ideal mirror. In order to satisfy the bound-
mmin= g " Ry ’ ary conditions of vanishing tangentil, we need a matrix

whereAf is the receiver bandwidth at the signal band, WhichWith the following property:

is approximately 100 GHz for the WR-5 waveguide used in

the fore-optics before the detector diode. EquatidB) may ME=
be rewritten to estimate the ratio of minimum detectable

powers for high and low background powers at the samé he following Jones matrix has the desired behavior:
receiver bandwidth

Pg,’rjrt\in: Prf,min(25 /5000 9)1/2, "%Z:{
which translates into a reduction &, by 12 dB if we

optimize the incident power on the detector. , X , T
girst we define the Jones vectors for linear polarization at

For our transmission mode spectrometer at 250 GHz, we” h h is. Th d
limit the incident power on the detector and thereby maintain—45 with respect to thg axis. These cases correspond to

its sensitivity. The most practical way to maintain high sen-I"€ Situation shown in Fig.(@). The required Jones vectors

Ev
Eq

-1 0

0o 1l (B4)

A grid polarizer is the next object we need to consider.

sitivity without sacrificing source power is to work in the are
reflection mode. A well-matched resonator will have a re-
. Eo (1 Eo [—1
flected power of—30 dBc or lower, corresponding to back- Esx= ( ) E_s=— ( )
ground power levels of LW or lower for a source power of \/5 1 \/E 1
0 dBm (1 mW). A grid polarizer with the grid lines at a given angfewith
respect to they axis will reflect radiation that is linearly
APPENDIX B: ANALYSIS OF THE POLARIZATION polarized along the grid lines. If the grid lines make-45°
TRANSFORMING REFLECTOR with respect to they axis, we need Jones matrices with the

o o following behavior:
In order to proceed beyond a qualitative description of

how a PTR operates, it is convenient to use a mathematical £(45Ess=—E_4s,
description of coherent polarization states, which are a good

approximation to the output of solid-state near-millimeter S(45)E_45=0,
sources. The Jones vector formalism is well kn&tA and o .

: : Y(—45E;5=0,
well suited to the present purpose. Any transverse polariza-
tion vector can be represented by an equation of the form G(—45)E_45= — Egs.
E=(E4H+E\V), whereH andV are the basis vectors of
horizontal and vertical polarization, respectively. Note thatA Jones matrix that has this behavior is
E, andE,, may be complex, which is useful for describing

circular polarization. In particularEtzEO(ﬁti\A/), where S(+45)= -1/2 *1/2 ©5)
+indicates positive helicity andindicates negative helicity. T *1/2 1/2)°
Rev. Sci. Instrum., Vol. 67, No. 7, July 1996 EPR spectrometer 2511
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We will not derive the form of¢ for an arbitrary incli- The interested reader may use EB11) to analyze the re-
nation angle of the grid wires. One may verify that E§5)  sponse of the PTR to various initial polarization states. Fig-
is a special case of the following general relatibfor arbi-  ure 2 may be consulted to visualize the results of the analy-
trary grid orientation angle, sis.

—cog 9 —cosd sind
. i . (B6) APPENDIX C: ANALYSIS OF THE GAUSSIAN BEAM
cos Y sin 9 sim 9 TELESCOPE

A=

It is important to note that the preferred orientation of ~ One of the design goals for the reflection bridge spec-
the grid for non-normal incidence is with the grid in the trometer is to make it a broadband device. In order to do so,
plane of incidence of the Gaussian be#rithis corresponds it is convenient to use the concept of the Gaussian beam
to 9=90°. For this orientation of the grid, nonidealities due telescopé&,which transforms the beam waist of a given input
to cross-polarized components are minimized. The fielbeamw{"” to a beam described by a beam waig"?. The
transmitted by the polarizer is described by the complemengreat advantage of the Gaussian beam telescope is that the
of the Jones matrix of the polarizer, vizz; (1), which has  beam transformation is independent of frequency. In order to

the following functional formt® analyze the telescope, we will use the quasioptical equivalent
of the “ABCD” law, formulated by Kogelnik?* which al-

. sir? o —cosd sin & lows us to calculate the beam radius and radius of curvature

1(9)= —cosd sin & col & B7)  ofthe equiphase front of the beam at the output of an optical

train if the input beam radius and phase front radius of cur-
The PTR shown in Fig. 2 can be analyzed along convenvature are known. In the sequel we refer to the beam radius
tional lines®® In our notation, we may use the Jones matricesand radius of curvature. The radius of curvature refers to the
of a polarizer, its complements’, and a mirror.# to  radius of curvature of the equiphase surface, or phase front,
write down an expression for the output beam of a EfRt  of the beam. We hope this compact terminology will not
the grid surface(where we may choose the beam radiuscause confusion. From the context it should be clear what is
W=~W,), Viz., meant.
Kogelnilk?! has shown that an arbitrary optical system
Er:[,if(a)e—PZ/W§+,//zf§“T(ﬁ)e—we—(l’—d)z/WS]Ei, (Bg) may be described by a 2x2 system transfer mati,
which is the matrix product of 22 transfer matrices#; for
wheree ¢ is a factor due to the phase shift of the transmit-each element in the optical train. Furthermore, it is conve-
ted portion of the incident beark; is the Jones vector of the nient to combine the radius of curvature and beam radius of

incident radiation, the Gaussian beam into the so-caltpgparameter, viz.,
1 1 A
=47t cos /N, (B9) T T
a R aw (€1)

wheret is the separation of the grid and flat mirror afids 010 is the radius of curvaturay is the beam radius, and

th? angle .Of incidence of the gaussian beam on the PTR, ar}gis the radiation wavelength. For our purposes it is sufficient
d is the displacement vector of the transmitted beam alongg0 consider a special class of parameters. At the beam

thex axis of the reflected beam whose magnitude is given by, qic+ the radius of curvature is infinite and th@arameter is
pure imaginary. For this special case, we may write

q=izy, (C2)

d=2t sin 9. (B10)

We explicitly include the exponential factors
exp(— p?/w3) and exp[—p—d)*w3] in order to display the
effects of beam displacement on the performance of the PT
The reader is referred elsewhere for dethil® summarize,
the deviation of the practical device from the ideal response
depends upon the ratid/w,. The nonidealities can be kept A B
to power levels approximately 30 dB below the desired po- 7= ( C D)’
larization, if wy is sufficiently large andd is sufficiently
small. For our purposesj,=6.7 mm and¥=22.5° approach then Kogelnik has shovfh that the outputy parameter may
this level of performance. We note a degradation in the PTRbe found as follows:
response from a slight misalignment of the grid and flat mir- Ad

H . H qln+ B
ror. In the future, we shall shim the grid to improve the  q,,=——.
overlap of the two outputs of the PTR. Can+D

The ideal response of PTR/(9,¢), in the absence of The transfer matrix for propagation through a distadce
beam displacement effects, i.&g— o, may be written in is
Jones matrix form as follows:

wherez{)= m(w§)?/\, the confocal parametefor a beam
rof waist radiuswg). In the sequel, the indexwill distinguish
the input and output beam waists.

If the transfer matrix 7 is written in the form

(C3)

(C4)

1 d;
; , i 7(dy)= . C5
A, 9)= N+ 7S (F)e e, (B11) (dy) (o 1) (C5)
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The transfer matrix for a lens, or reflector, of focal lenfjth
is

0

—Uf, 1 (C6)

j/f(fi):(

We wish to calculate the transfer matrix for an optical
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6K. A. Earle, J. K. Moscicki, M. Ge, D. E. Budil, and J. H. Freed, Biophys.
J. 66, 1213(1994).
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system consisting of two “lenses” whether reflecting or re- sy a garie, D. E. Budil, and J. H. Freed, J. Phys. Che, 13 289
fracting, separated by the sum of their focal lengths with a (1993).

beam waist located at a distanteaway from the first lens.
We then ask, what is the output beanparameter at a dis-
tancef, from the second lens? Symbolically, we write

M=T(£2) L(1) T+ 1) Z(£1).7(F1) (C7)
—f,/f, 0
_( 0 —f,/f,)" ©8)

where we have used E¢C5) and (C6) to write Eq.(C8).
We may now use the ABCD law expressed by Etgd),

where the elements of the transfer matrix are given by Eq,

(C8), to calculate the output beagnparameter, viz.,

B
qout:f_z Qin - (C9)
1
If the input beam has a beam waistw§" at a distance ;
from the first lens so that;, is purely imaginary, then, using
the fact thatq,, in Eq. (C9) must be purely imaginary as

well, we may infer that there is a beam waist in the output

beam at a distanch, from the second lens. Explicitly,
W= (f,/fHwim (C10)

where we have used EQC2). Note that the result in Eq.
(C10)is independent of frequency, as we claimed.

1K. A. Earle, D. E. Budil, and J. H. Freed, ikdvances in Magnetic and
Optical Resonance, edited by W. Warrehcademic, New York, 1996),
Vol. 19, Chap. 3.

2W. B. Lynch, K. A. Earle, and J. H. Freed, Rev. Sci. Instri8, 1345
(1988).

9P. F. Goldsmith, irinfrared and Millimeter Waves: Systems and Compo-
nents, edited by K. J. ButtofAcademic, New York, 1982 Chap. 5.

10D, s. Tipikin, K. A. Earle, and J. H. Free@dinpublished).

11D, E. Budil, K. A. Earle, and J. H. Freed, J. Phys. Chém.1294(1993).

12D, H. Shin, J. L. Dye, D. E. Budil, K. A. Earle, and J. H. Freed, J. Phys.
Chem.97, 1213(1993).

13T, Matsui, K. Araki, and M. Kiyokawa, IEEE Trans. Microwave Theory
Tech.MTT-41, 1710 (1993).

14E. Hecht and A. ZajadDptics (Addison—Wesley, Reading, MA, 19¥.9

153, C. G. Lesurf,Millimeter-wave optics, devices and systefglam
Hilger, London, 199D

163, Howard, W. A. Peebles, and N. C. Luhmann, Jr., Int. J. Infrared Milli-
meter Waves, 1591(1986).

7J. L. Doane, inMillimeter Components and Techniqueslited by K. J.
Button (Academic, New York, 1985 pp. 123-171.

18R, J. Wylde, IEE Procl31-H, 258(1984).

193, A. Murphy, Int. J. Infrared Millimeter Wave8, 1165(1987).

20R. K. Garg and M. M. Pradhan, Infrared Phys®, 292(1978).

21H. Kogelnik, Appl. Opt.4, 1562(1965).

223, R. Birch, J. D. Dromey, and J. Lesurf, Infrared PHa%, 225(1981).

BA. F. Harvey,Microwave EngineeringAcademic, New York, 19683 pp.

44-45.

D. Boucher, J. Burie, R. Bocquet, and W. Chen, Int. J. Infrared Millimeter

Waves13, 1395(1992).

25E. M. T. Jones and S. B. Cohn, J. Appl. Phgs, 452(1955).

A E. Costley, K. H. Hursey, C. F. Neill, and J. M. Ward, J. Opt. Soc. Am.
67, 979(1977).

27D, A. Bathker, IEEE Trans. Microwave Theory TechlTT-15, 128
(1967).

28G. D. Holah, ininfrared and Millimeter Waves: Systems and Components,
edited by K. J. ButtorfAcademic, New York, 1982 Chap. 6.

29R. Ulrich, Infrared Phys7, 37 (1967).

3OM. L. Khidekel and E. I. Zhilyaeva, Synth. Met, 1(1981).

31C. P. SlichterPrinciples of Magnetic Resonancgrd ed.(Springer, Ber-
lin, 1989).

24

323, P. Barnes, K. A. Earle, and J. H. Freeahpublished results).

3J. A. Allgeier, J. A. J. M. Disselhorst, R. T. Weber, W. T. Wenckebach, 33M. V. Schneider, innfrared and Millimeter Waves: Systems and Compo-

and J. Schmidt, iModern Pulsed and Continuous Wave Electron Para-

magnetic Resonance, edited by L. Kevan and M. Bowrfvaliley, New
York, 1990), Chap. 6.

Rev. Sci. Instrum., Vol. 67, No. 7, July 1996

nents, edited by K. J. ButtofAcademic, New York, 1982), Vol. 6, Chap.
4

34N. R. Erickson, Int. J. Infrared Millimeter Wave 1015(1987).

EPR spectrometer 2513

Downloaded-06-Sep-2002-t0-128.253.229.132.-Redistribution-subject-to-AlP-license-or-copyright,~see=http://ojps.aip.org/rsio/rsicr.jsp



