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Electron paramagnetic resonance detection by time-locked subsampling
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A detection method for electron paramagnetic resonance spectroscopy is described that permits
simultaneous acquisition of multiple in- and out-of-phase harmonics of the response to
magnetic-field modulation for both dispersion and absorptionconversion of the microwave
carrier to an intermediate frequendyF) carrier; (i) subsampling of the IF carrier by an
analog-to-digital converter four times K IF cycles whereK is an odd integertiii) dividing the

digital words into two streams, odd indexes in one and even in the other, followed by sign inversion
of every other word in each stream; atid) feeding the two streams to a computer for the digital
equivalent of phase-sensitive detecti®8D. The system is broadbanded, in the frequency domain,
with narrow banding for improved signal-to-noise ratio occurring only at the PSD step. All gains
and phases are internally consistent. The method is demonstrated for a nitroxide spin label. A
fundamental improvement is achieved by collecting more information than is possible using a single
analog PSD. ©1998 American Institute of PhysidsS0034-67488)03707-1

I. INTRODUCTION use of modulation phenomena to study slow rotational diffu-
sion is called saturation-transfer electron paramagnetic reso-

Field modulation was introduced into continuous wavenance(ST-EPR. Hyde and Thomas also pointed out that the

(cw) resonance by Blocht al,' who considered it as a sinu- first-harmonic out-of-phase absorption signal was a favor-

soidal time domain modulation of the resonance condition. Aable T1-sensitive display.

large modulation amplitude was used in Ref. 1 in order to It was apparent to workers in this field that it would be

display the resonance on an oscilloscope. Bloembegyjeh  desirable to detect in- and out-of-phase signals simulta-

introduced phase-sensitive detection of the field-modulatedeously at the first and second harmonics of both dispersion

signaf using a low modulation amplitude. After phase- and absorption—requiring eight phase-sensitive detectors

sensitive detection, a signal is detected that asymptoticallfPSD with equalized gains and well-controlled phases.

approaches the shape of the derivative of the resonance lingdowever, not only were costs prohibitive, but also division

as the modulation amplitude approaches zero. Analysis aéf the signal into eight paths would reduce the signal-to-

field modulation in the frequency domaiprovided an alter- noise (SNR) ratio unless a low-noise microwave amplifier

nate perspective: field modulation is like frequency modula{LNA) was introduced into the signal pathway.

tion of the source, resulting in modulation sidebands incident  More recently, the need for simultaneous detection of

on the sample. Signals are detected not only when the resseveral harmonics in and out of phase for both absorption

nance condition of each sideband is satisfied, but also frorand dispersion was reinforced by the introduction of multi-

intermodulation combinations. quantum EPR%In one form of this method, which uses no
The use of field modulation methods to investigate nonfield modulation, two time-locked microwave frequencies

linear phenomena was based on a theoretical model intrare incident on the sample. They are closely spaced within

duced by Portié. Hyde extended the Portis theory and the homogeneous linewidth. The relationship between time

pointed out that this model permitted determinatiorT@fin ~ domain and frequency domain perspectives for this irradia-

magnetically dilute paramagnéfsby observing the phase tion is given by the trigonometric identity:

and shape of the dispersion signal using suitable modulation

frequencies and amplitudes. Mailer and Taylor used thig1/2)cofw+Aw)t+(1/2)cofw—Aw)t=CcosAwt COS wt.

method to measur&l in cytochromec.” This perspective (1)

was extended by Hyde and Dalton, who used the line shape

of the first-harmonic dispersion out-of-phase signal to deterThis irradiation pattern causes the spin system to generate a

mine rotational correlation times of spin-labeled macromol-series of intermodulation sidebands at frequencies given by

ecules in the range of 16—10 7 s.® Later, Hyde and Tho- Eq. (2), wheren is a positive integer,

mas showed that the second-harmonic absorption out-of-

phase signals were also sensitive to rotational diffusion in  w,=w=*(2n+1)Aw. (2

this range This particular variant is widely used today. The

It was again apparent that broadband detection apparatus was

3Corresponding author: 8701 Watertown Plank Road, P.O. Box 26509, Mid€sirable to permit simultaneous collection of all signal side-
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FIG. 1. Signal path for TLSS detectiobl.(t) andV(t) stream directly to a
computer for signal processing.

This paper describes the successful solution of this long-
standing technical problem. We introduce the method of
time-locked subsamplingTLSS) detection. It ideally con-

FIG. 2. K=0: Conventional baseband digital detection in the time domain;

Si5t5_0f the following steps: _ _ _ K=1,2,...: TLSS detection. Digitized words obtained at the solid circles
(i) Use of a LNA to establish the noise floor of the signal constitute a signal stream that is in quadrature with the signal stream of
X(fo,t) (see Fig. L digitized words obtained at the open circles.

(i) Synthesis of a microwave local oscillator frequency
(fo+fip) thatis time locked to an intermediate frequerigy  cross correlation. The analog of the time constant of the PSD
away from the signal oscillator. Time locking means that theis a digital smoothing filter.
frequencies have a fixed known temporal relation; for ex-  (viii) Step the field, repeat, and store.

ample, cos(zZft) and cop2w(fy+f)t] always start at the TLSS detection was introduced into magnetic resonance
value 1 whent=0. Time locking is necessary to preserve by Stormontet al® in the context of magnetic resonance
phase information in the signals. imaging (MRI) and patented* It is used in GE Signa MRI
(iif) Mixing the signal to an IF carrier dte as in con-  scanners. The abstract and the patent are limited in detail and
ventional superheterodyne detection. to our knowledge no full paper has appeared. The method
(iv) Synthesizing a new sampling frequency that is timehas never been used in EPR or for the detection, in any
locked tofr at a frequency given by context, to the best of our knowledge, of periodically modu-
lated signals. For detection of such signals, there are con-
4 straints that require the modulation period to be time locked
fs=Tir 2K+1° @ 1o fir. Pohidaet al. used some aspects of the method for

detection of pulse EPR, but did not use subsamgitrigis
Any value ofK=0 is permissible; 3 was used in this article: this feature that makes detection of bdthand V modes
fo=(47)f . using a single A/D converter and a single signal pathway
(v) Analog-to-digital(A/D) conversion af. As will be  Possible, which is the main claim of the patéi’"ﬂl?he method
shown in detail, in the frequency domain the signal nowiS not well known in the conventional signal processing lit-
resides in the bandpass from-f /2 Hz. The A/D converter ~erature, although it has been discussed in a number of trade
must be preceded by a bandpass filter centerefj-athat

matches this width. @
(vi) Shuffling the digitized wordésee Fig. 1 as follows: ,
every other odd point is sign reversed and the odd data storec

; . AU ; _ Subsampling
in one array. Similarly, every other even point is sign re AD
versed and the even data stored in a different location. This

entire process constitutes, to this point, detection of micro-

wave dispersion and absorption. The process in the time do-

main is illustrated in Fig. 2. 1€ 13%:?.:2?:8 13%&‘3?“5?& ~> U,
(vii) Feeding the two data trains, for a given static field v,'¢] Correlation Correlation 1)«
setting, to a PC, and cross correlating with sinusoidal and 145’;':;;?:{'1“ 143::;;?::16
cosinusoidal wave forms of as many harmonics of the modu- Voo 28.6kHz sine 28.6kHz sine [~ Y2
lation as desired consistent with the bandwidth. This is math- v,'¢ | Correlation Correlation | o u,
ematically identical to phase-sensitive detection at all har- 28?;';';;?::‘"9 28?::;;?;""'3
monics in and out of phase. This process is illustrated Vaes 42.9kHz sine 42.9kHz sine [~ Ys
schematically in Fig. 3 for 14.3 kHz field modulation. In Fig. V,'¢] , Correlation Correlation 1, .
3 the notation introduced by Thomas al!? is illustrated: 42.9kHz cosine| . j42.8KHz cosine © 3

viz. U, V for dispersion, absorption; prime to denote out of
phase, and .SUbS.C”pt to C.{enOte harmonic n.umber' In this pr%-G. 3. Computer-based signal processingUgt) and V(t) from Fig. 1.
cess all desired information has been carried in a broadba ime denotes out of phase with respect to the field-modulation frequency

of frequencies, and narrow banding occurs at the moment aind its harmonics; subscripts define the harmonic.
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journal articles in recent yeat§!’ apparently because of its a. Signal A

utility in modern digital communications. , ,
In the following sections, the theory of TLSS detection /

is presented, apparatus is described for TLSS detecti®h at /.Ill

N\ AY
\ RAR
L Al
i A I fl I > f
band, and initial experimental results are presented. _;’F f:r

BW = 2Nf,,

Il. THEORY b. Sampling function 4

A. Bandpass sampling

A theoretical analysis of magnetic resonance in the pres-
ence of a time-varying magnetic field parallel to the static T T T T f T T T > f
field, referred to as field modulation or Zeeman modulation, Ky -3 26 fo 2 3 K

has been presented in the context of the Bloch equétiams
well as in the context of the density matrix formaligfnin

the frequency domain the transverse magnetization can be
expanded as a Fourier series

o

Sampled signal

M.=M=iM = MPe=i(o=nont (4) P 2 ;
no- * *7 w2 | BWR :
WhereM + IS reIaFed to the c_n_‘f-dlagonal element of the den_FIG. 4. Frequency domain signal processing schematics. Convolution of the
sity matrix of a single transition by patterns of harmonic&) with the sampling functiortb) results in repeated
_ replication of the original signdkt). Since negative frequencies do not exist,
M =Tr(ppa), ©) the left side of(c) folds over onto the right. Conventional baseband detec-

tion is centered at zero frequency. The frequency axgg)in(b), and(c)

and the field modulation frequency,= w27 have different units for convenience of representation.

Terms M are calculated from the Bloch equations.
Equation(4) transforms the differential equations into a set
of 3N coupled algebraic equations. The number of harmonthe convolution theorem. Sampling in the time domain is
ics in the sum is theoretically infinite. However, for the prac-quivalent to multiplying the incoming signal with the func-
tical purposes of solving the Bloch equations or for TLSStON
detection, it is truncated at a certain vaNebove which all o 1
values ofM " are considered negligible. The choiceMfis S(t)= >, S(t—kAt), where At=—. (11)
dependent on the amplitude of the modulation fielg,. k== fs
Thus, the signal extends symmetrically around the carrier |n the frequency domain this is equivalent to convolution
with a bandwidthBW=2Nf,. In cw EPR, phase-sensitive with the Fourier transform o8(t), Fig. 4b), which results
detection with the modulation frequency acting as a referin replication of the signal as illustrated in Fig(ck The
ence is employed to select the harmonic to be detected. incoming signal is down-converted to produce new banded

In TLSS, the frequency pattern of E@4) is down-  signals centered at frequencigg=kf and — fe=kfs. In
converted to a band centered about an intermediate fre&saseband sampling, low-pass filters before the A/D input are
quencyfe=w /2. Down conversion translates E@) to  used to ensure that no frequency componkfy/2 is

sampled. For bandpass sampling, all sampled frequencies

Mt=MXiiMy=E M(:”)ei‘(‘“'Fi”“’m)t. (6) separated by integer multiples éf are indistinguishable.

" However, aliasing occurs if components separated by nonin-
[See Fig. 4a).] TermsM .. contain amplitude and phase in- teger multiples of s coincide, i.e., the dotted envelopes @
formation and are the signals to be sampled. At every haroverlap. A hardware requirement then is to have a bandpass
monic, there exist four unique EPR sign#ls: filter that limits the bandwidth oM . and also filters out the
sum component resulting from frequency conversion occur-
ring in the microwave mixer.
(b) The out-of-phase dispersion:U(]:M(y“)—M(y’”). In addition to _the conditiof =4Nf,,, the values off

(8) are also constrained by the fact thBt—kfs should be

within a bandwidth off /2 for some integek.® Thus,k is
(©) The in-phase absorption:V,=M{"+M{™™. (9)  chosen such that

(8) The in-phase dispersion:U,=M{"+M{ ™. (7)

(d) The out-of-phase absorption:V,=M{"—Mm{"" fr—kfs=+BW/2, or f—kfs=—BWI2. (12

x .
(10 An additional requirement is that the aliased frequency com-
For signals at nonzero IF, with spectral content characponents from the- f .+ kf band do not overlap with those
terized by a bandwidtiBW, the general Nyquist theorem of f.+kfs. Thus,
requires the sampling rate, to be at least twice the band- _ _
width; thus,f.=4Nf,. The effects of sampling on the fre- fie=(k+1)fs=3BWI2. (13
quency pattern of Eq6) can be derived from application of The requiredf is calculated as
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fie : Bandpass r T T
f.=4 ) 14 Filter f !
AT (14) f,=500.5kHz ! !
. . ~ 1 !
Equation(14) can be rewritten as = : @ !
fog 15 A ' :
STUT2K+1’ (15 (":)I:sqeutecg @% Microwave :_ f‘(_) !
g y Mixer
for someK=1,2,... . HereK =2k if the plus sign in Eq(14) atfo + i &>
. - - S Detector
is used, andk = 2k—1 if the minus sign is used. For evén
the frequencies arounfi- are aliased to the band @BW); lr_®_> AFC
for odd K, they are aliased to the band BW,0). To -10dB
Single Sideband
Modulator Gain=20dB
B. Separation of U and V—the “word shuffle” ain=
-1 3dBT Attenuator NF=2.5dB
The use of an intermediate frequency defined by(E§). s ] 2 ’ 3
allows the separation of the in- and out-of-phase component — MWW @
of the signal, the word shuffle. Using E@L5) we find that Kiystron 7 2
the term LGR
m @ Field
elUF=[(-=1)"i]", for t=. (16) Field Modulation
s Modulation
For odd values oK this is also equivalent to fm
e H(mft=(—jym (17 FIG. 5. Microwave bridge with TLSS detection. Frequendigs f,-, and

) " fs are derived from synthesizers that have a common clock.
Thus, in Eq. (6), the terme*'“F can be replaced by

Fi(ml2)ft — H :
e™!(m2)Ist for t=m/fs. The total signal at the input of the ; o for even time points in the series, the dispersion compo-
A/D converter is S=M,+M_. If S is multiplied by  nents are detectd&gs.(7) and(8)]. For the case of evel,

et we obtain the sign of Eq.(20) changes. The factor<)" in Egs. (20)
_ _ _ and(21) shows that the sign of every other sample point is
Se(mATL=3 [M{Penomt+ M Meinont inverted. Therefore, not only do andV need to be sepa-
" rated but the sign has to be reversed.
+M@e*inwmt(_l)mr|\/|<:n>einwmt The output of the A/D converter is then separated into
two data streams, each of which is a sum of sinusoids and
(=M. (18 cosinusoids according to Eq4.9) and(20). If the maximum
If Sis multiplied bye (721, number of harmonics in the sum, also defined by the band-
width, is N, then for every modulation cycle a total of at
Seimfd="> [MMeinont(—1)m4 M Me-inont least N Qata ppints have to be coIIe_ctedNZor U and N
n for V. It is advisable, however, to pick, andf,, such that

i o f</f,>4N. Subsequent digital cross correlation separates
—1)Mm (Ma—inomt (=n)pinopnt s/!m

(=D7+M e +tM_Te 1 the harmonic constituents of each channel.
(19

Subtracting Eqs18) and(19), we find for odd sample points
(m=2r+1), Figure 5 illustrates a Varian E104-band EPR micro-
wave bridge that has been modified for TLSS detection. Fig-
S(2r+ 1At (-1 =—| X [2(M{"+M{V)cognwt) ure 5 shows inputs at the field-modulation frequehgy the
n A/D sampling frequencyfg, and the local oscillatofLO)
frequencyfy+fir, wherefz is an intermediate frequency
+2(M" =M M)sinnwyt) 1], and f, is the Klystron frequency. Frequenciés, fs, fir,
andf o are generated in the synthesizer arthig. 6). Fre-
(20 quenciesf,,, fs, andf are derived from a common clock

i.e., for odd time points in the sampling series, the measureand are, therefore, “time locked. .
signal consists of a sum of the absorption signals, E@js. As is apparent from the theory section, there are a num-

and(10). For even sample pointsr(=2r), adding Eqs(18) ber of constraints on the c_hoice of,, fs, andf, If thg
and (19): A/D conversion rate and either the number of harmonics or

the field-modulation frequency are fixed, other parameters
are predetermined. Frequencies and other key parameters are
shown in Table | for the experiments described here.

A conventional 70 kHz automatic frequency control
—2(M{"=M{"M)sinnont)], (21 (AFC) was used to lock the Klystron frequency to the loop—

lll. METHODS

S(2rat)(—1)"=2, [2(MV+M{" M) cog nwpt)
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and can be expected to degrade the performance by about 3

dB.
1oMHz  panrord 51, The LGR (Fig. 5 is of the two-loop—one-gap tyfg.
in Synthesizer (To A/ID Converter) The effective sample volume is &l. The resonator effi-
ciency parameteA (Ref. 2]) is about 6. See Ref. 22 for a
’ Field Modutation review of LGRs.
Field Modulation Synthesizer Power Amplifier Generation of the local oscillator frequen@yig. 6) used
the technology that was developed earlier for multiquantum
10MHz  paaeed fm EPR?® The HP 3326A synthesizéHewlett—Packard, Palo
in Synthesizer (To Modulation Alto, CA) provides two quadrature outputs that drive the IF
Coils) ports of a single sideband modulai®@SM) (Anaren 90338-
DC, East Syracuse, NY The voltage levels, relative phase
IF Synthesizer and Reference Generator shift, and dc offsets were adjusted for minimal carrier leak-
age (at fy) and spurious sideband generation using a
10MHzZ ?::fgﬁgﬁnel HP8564E spectrum analyzer. A microwave power amplifier
out  Synthesizer (Miteg AMF-3B-8596-20p with a gain of 20 dB resulted in
1 7Q a LO output level of+ 10 dBm. This output drives a double
Ooutput  |--4- Microwave balanced mixer(Watkins—Johnson WJ-M80C, Palo Alto;
fe ~p--|] Power Amplifier CA). This mixer ha a 0 dBm compression point, which is
Frequency desirable when using a LNA. However, 3 dB was sacrificed
Microwave | I Q Offset by the use of this type of mixer; an image-reject mixer is
'gff”t —ARF RP LO atfy +f desirable. The two IF amplifiers following the mixer have
0 (To Microwave gains of 28 and 20 dB, respectively.
Single Sideband Mixer) In a typical EPR experiment, the field was scanned in 4
Modulator

min with data streamed directly to disk at a rate of 286 000
points or 572 000 bytes per second, resulting in a 137 Mbyte
binary data file corresponding to over 68 million data points.
The field was swept linearly, and this file was divided into
gap resonatofLGR) frequency(details not shown A LNA 1024 blocks corresponding to 1024 field positions. Each
with 20 dB gain(Miteq AMF-2S-8596-4, Hauppauge, NY block, consisting of 66 960 points, was divided into six sub-
was used to amplify the signal reflected from the resonatomlocks of 11 160 data points and these six sub-blocks were
A key aspect of the TLSS concept is the requirement to raisaveraged. At this stage in the signal processing, the word
the noise floor above that of the detection system. See Re$huffle process was carried out as described previously, re-
19 for a discussion of noise considerations with LNAs in asulting in U- andV-mode signals. Cross correlation was ac-
context of EPR spectroscopy. complished by multiplying th&) andV arrays by computer-

It was decided to stream all data directly into the PCgenerated sines and cosinesit, wheren varied from 1 to
memory in order to preserve maximum flexibility in signal 4 and the field modulation frequendy, was 14.3 kHz. The
processing including the word shuffle and cross correlationtesulting numbers were stored, and this process repeated
The A/D card(WIN-30PGL, UEI, Watertown, MAiis speci- 1024 times to generate spectra. It was found under the non-
fied at 1 MHz, 12 bit, with streaming capability to 1 MHz. saturating conditions used in the present experiment that out-
We were unable to achieve this rate of streaming, apparentlgf-phase signals with respect to the field modulation were of
because of our requirement to use an external rather thamegligible intensity, and therefore, phases of detected har-
internal clock to generaté;. In our hands, the sampling monics were rotated by software for maximum intensiy.
limit was approximately 350 kHz and it was decided even-and V-mode phases were subsequently rotated by software
tually to digitize at 286 kHz. This unanticipated technical for line shapes of the required symmetry, i.e., even and odd.
problem was encountered after the bandpass filter centered Representative spectra obtained by this process are shown in
the IF (500.5 kH32, Fig. 5, had been designed. As a conse-Fig. 7. In principle, results should not be dependent on the
guence, it has a bandwidth that is twice the theoreticallyength of the six sub-blocks. A different number of sub-
desirable width of 143 kHz, which results in aliasing of noiseblocks with corresponding different lengths should yield the
same final result, which was verified experimentally.

FIG. 6. Block diagram of the frequency synthesizer array.

TABLE |. Frequencies.

IV. RESULTS
fir=500.5 kHz(the intermediate frequengy

fs=286 kHz (the sampling frequengy
fn=14.3 kHz(the field-modulation frequengy
f,=28.9 GHz(the microwave frequengy

BW= 143 kHz (filter bandwidth

fs/fie=4/7 (the subsampling ratjo

fs/fm=20 (10 samples irJ and 10 in \}

Figure 7 shows eight spin-label spectra that were ac-
quired simultaneously in a single sweep of the magnetic field
using TLSS detection: dispersion and absorption, first four
harmonics in phase. A field-modulation amplitude of 1.5 G
at 14.3 kHz was used along with an estimated microwave
field intensity at the sample in the rotating frame of 0.2 G.
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ing to four. The field-modulation amplitude was increased in

order to increase the intensity of higher harmonics. Aliasing

of higher harmonics was indeed observed, which indicates

Vv, 1 the importance of the bandpass filter before the A/D con-
Y verter (see Fig. 5. A further experimental check of aliasing

\ was carried out by reducing the field-modulation frequency

to 4.5 kHz such that 64 points were digitized for each field-
V, 1 U, J modulation cycle. As expected, aliasing was not observed.

An unexpected but understandable phase anomaly was
observed during the rotation by software that was carried out
Vs U, in order to obtain pure dispersion and absorption signals.
“'—'VL"H " u v Since the dispersion data stream is shifted in time from the
Ve e Uy YRR PO absorption data streams by one digitization pefiicel, 1f
FIG. 7. Example of eight spectra of a nitroxide radical spin label produced= 3.5 18), field-modulation phases differ by 7hf/
using TLSS detection in a single sweep of the magnetic field. The notatiorfs rad/s, which is 18° for the signal at the field-modulation
is defined in Fig. 3. frequency in the present experiment comparing dispersion
with absorption.

The incident microwave power on the LGR was 1 mW. The  In conventional EPR spectrometers, the AFC system is
peak-to-peak linewidth for the samp(@0~* M TEMPO in used to make the instrument sensitive to small changes in
H,O at room temperatuyaising a low-field-modulation am- either the real or imaginary component of the microwave
plitude is 1.2 G. Under conditions used to obtain Fig. 7, the'eflection coefficient of the resonator. See, for example, Ref.
modulation amplitude was close to the value that yields the?6. The absorption and dispersion signals are in phase with
largest possible first-harmonic signais,,U; . respect to these real and imaginary reflection coefficients,
The noise is about the same for both dispersion and agespectively. It is possible, in principle, to use the same strat-
sorption, and was independent of incident microwave powefdY in TLSS detection. In the experiment described here, a
under the conditions used to obtain Fig. 7. The limiting noiseconventional 70 kHz frequency-modulation AFC was used,
source has not been firmly established, but noise appears {@cking the klystron to the resonant frequency of the LGR.
be determined by the noise figure of the low-noise micro-We attempted to use the 70 kHz signal in the TLSS signal
wave amplifier(see Fig. 5. It was experimentally verified channel to set the phase for detection of eitherther V
that the noise in Fig. 7 is 3 dB higher than would be the cas&0des, but were unsuccessful. However, by introducing an
if an image-reject mixer had been employed to down-convergdditional frequgncy_modulation at 20 kHz, it was possible
to the intermediate frequency. Mixers of this type are com{0 use the resulting signal as seen in the TLSS signal channel
mercially available. At higher incident power, for example, t0 set thel andV phases precisely. It seems certain that use
10 mW, microwave phase noise dominates in bdthand of a higherf¢ will permit setting of phases using the conven-
V-mode displays. A low-noise Gunn diode oscillator of thetional 70 kHz AFC system. It appears quite feasible for the
type described in Ref. 24 could, in principle, be used toentire AFC system to be based on TLSS detection.
reduce the phase noise by about 20 dB compared with the
klystron used here. V. DISCUSSION
The overall SNR compared with conventional homodyne  The goal of the work described in this paper was to
detection using 14.3 kHz field-modulation frequency is abouestablish the principles of TLSS detection of EPR signals
the same, extrapolated to estimates of the same effective iproduced by field modulation and to demonstrate initial ex-
tegrating time constants. However, more detailed analysis iperimental results. The choice of field-modulation frequency,
appropriate since the effective filters in the two detection14.3 kHz, was based solely on the specifications of an A/D
processes do not have the same characteristics in the freenverter that happened to be on hand. The intent of the
guency domain. paper was to describe experiments designed to establish the
When the field modulation amplitude was increased, thdeasibility for future development of TLSS detection using
amplitude of the higher harmonics increased, as expected00 kHz field modulation.
The individual displays in Fig. 7 can be converted from even  In conventional EPR spectrometers, the data are in a
to odd symmetry, or vice versa, by a Hilbert transform with-very broad bandwidth at the microwave detector. The band-
out changing the noise amplitude. The symmetry can also beidth is narrowed to about 5 kHz in the input amplification
changed by transformations that have filtering characterisstage of the 100 kHz PSD, and is narrowed again to, typi-
tics including integration, differentiation, and pseudo-cally, 1 Hz by the integrating time constant of the PSD. The
modulation?® Signals can be combined for improved reason for the 5 kHz filter was a concern about the nonlinear
resolutiorf® or improved SNR. As expected, noise in the response of the final amplifiers to the broad spectrum of
eight spectra is incoherent. noise from the microwave detector. This engineering con-
The conditionf;=4Nf,, (see the theory sectibrwas cern has never, however, been rigorously investigated. The
experimentally investigated. In the present experiment, tetechnological risk of TLSS detection, which is an intrinsi-
points are digitized for each field-modulation cycle, limiting cally broadband method, was that it would be subject to non-
the number of harmonics that can be detected without aliadinearities that would convert input noise to the frequencies
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of interest. Thus far, no problems of this nature have beethat is similar to that of EPR. It is thus established that TLSS

found. detection is a commercially reliable method. We have en-
An additional technological risk lay in introduction of deavored to be conservative in this discussion by objectively

noise by the various frequency synthesizers. Synthesizeginting out various possible problems. Nevertheless, we are

have poor noise specifications relative to high-quality funda<€onvinced that TLSS detection is, indeed, the modern digital

mental oscillators. The strategy was to use sufficient microapproach to EPR spectroscopy and that it will become

wave amplification prior to IF conversion that the noise floorwidely used.

would be well above any noise introduced by the IF synthe-  The principal advantages of TLSS detection &jem-

sizer, the microwave mixer, the synthesizer that provides thgroved filtering, (ii) collection of dispersion and absorption

A/D conversion rate, or the A/D converter itself. This strat- simultaneously, andii) collection of fundamental as well as

egy was in general successful, but a careful engineeringarmonic responses to field modulation. Fundamentally,

study of noise introduced at each of these stages in the signtilese three advantages individually and in concert increase

channel path is appropriate as the next phase in developmeiiitt SNR in the lineaflow microwave power regime. At

of TLSS detection for EPR usage. higher microwave power, the response in and out of phase at
Still another issue with respect to noise is that TLSSthe various harmonics for both dispersion and absorption

detection is effectively a modern version of superheterodynaith consistent phases and amplitudes constitute collection

detection, which is known to be sensitive to microwaveOf information that reflects the nonlinear response of the spin

phase noise. The gain of the LNA and the performance of theystem.

IF mixer determine the sensitivity to phase noise of the mi-
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