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Stochastic excitation with a full-width-half-maximum band-
width of 250 MHz was used to perform Fourier-transform (FT)
high-field/high-frequency electron paramagnetic resonance (EPR)
at 3.4T/95 GHz (W-band). Thereby, the required microwave peak
power is reduced by a factor of 7,/ T, as compared to equivalent
pulsed FT EPR inwhich the spin system with spin—lattice relaxation
time T; is excited by a single microwave pulse of length 7,. Stochas-
tic EPR is particularly interesting under high-field/high-frequency
conditions, because the limited output power of mm microwave
sources, amplifiers, and mixers makes pulse FT EPR in that fre-
quency domain impossible, at least for the near future. On the other
hand, FT spectroscopy offers several advantages compared to field-
swept magnetic resonance methods, as is demonstrated by its suc-
cess in NMR and X-band EPR. In this paper we describe a novel
stochastic W-band microwave bridge including a bimodal induction
mode transmission resonator that serves for decoupling the mi-
crowave excitation and signal detection. We report first EPR mea-
surements and discuss experimental difficulties as well as achieved
sensitivity. Moreover, we discuss future improvements and the
possibility for an application of stochastic W-band FT EPR to tran-
sient signals such as those of photoexcited radical pairs in photo-

synthetic reaction centers. © 2001 Academic Press

1. INTRODUCTION

cw and pulse high-field EPR, the spectra are recondach
magnetic field sweep. On the other hand, it is known from NMI
or X-band EPR (0.34 T/9.5 GHz) that Fourier-transform (FT
spectroscopy, in which the total spin system is excited by ol
radiofrequency or microwave pulse and the system response
detected in the time domain, offers several distinct advantag
Among themi is the feasibility of measuring correlations betwee
two spins. Two-dimensional correlation spectroscopy (COSY
measurements allow one, for instance, to distinguish resonan
belonging to the same individual molecule from those belongir
to different molecules1(8). Other advantages are the multiplex
effect which may lead to enhanced sensitivity and the resol
tion of Larmor frequencies rather than of magnetic resonan
fields. In high-field EPR, magnetic resonance fields are difficu
to measure to high accuracy because of nonlinearities in the fie
sweeps of superconducting magnets. Moreover, homogene:
NMR magnets for high fields that could be used also for EP
do not have the option for a field sweep at all, which makes F
methods even more interesting.

For good sensitivity in pulse EPR one has to turn the magn
tization by 90 with one pulse. The bandwidth of this coheren
excitation has the approximate magnitude of the reciprocal pul
length that depends on the available microwave power. Mo
high-frequency microwave sources with good noise character
tics do not supply enough power for such a coherent broadba

One of today’s main developments of electron paramagnegigcitation. For W-band EPR spectrometers (3.4 T/95 GHz) tt

resonance (EPR) is directed toward the use of higher magnetiaximum output powers vary between 6-9 dBm (4-8 mW
fields and correspondingly higher microwave frequencies (when using the nonamplified output of mixers (converting
10), for example, when EPR is applied for studies of proteilower intermediate frequency to 95 GH®&) @and 14-23 dBm

structure and dynamic&{-17). Reasons for this trend to higher(25-250 mW) when using either amplificatiod, (L0) or the

fields and frequencies are increase in spectral resolution, @utput of a 95-GHz klystron5). In the latter case, depending
crease in sensitivity for small samples, information on moleculan the quality factor and the conversion factor of the resonat
motion at shorter time scales, and the accessibility of larger zevadth sample, 90 pulse lengths of about 40 ns can be achieve
field fine-structure splittings. So far, most EPR experiments &Féis corresponds to an excitation bandwidth of 25 MHz, whicl
performed by measuring either the absorption of continuoustystill much smaller than the typical spectral widths of abot
(cw) irradiated monochromatic microwaves or the amplitude @80 MHz (10 mT) of interesting biological samples contain
a spin echo after two resonant microwave pulses. Especially fing, for instance, quinone or tyrosyl radicals. Only with very
high-frequency EPR, with its low available excitation powegomplex and expensive mm microwave sources, such as ¢
the spectral bandwidths of the pulses usually are small cotended interaction oscillators, is it possible to obtain output pov
pared to the spectrum of the samples. Therefore, in both cases,of 54 dBm (300 W) and pulse bandwidths of the require

;
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magnitude 4). Then, however, the handling of the high power Compared to the previously realized stochastic NMR &
and the loss of signal intensity, owing to the dead time of the ERRO MHz, with spectral bandwidths up to 200 kHz, stochasti
resonator and the saturation of the detector, may cause seWtband EPR operates at 95 GHz, and typical samples requ
problems. one to cover a bandwidth of about 250 MHz. Thus the frequen
To overcome these difficulties we tried an alternative approaspread to be covered is three orders of magnitude larger than t
by using a broadband incoherent continuous microwave iria-NMR. This large bandwidth requirement poses severe expe
diation (noise) with a spectral bandwidth of about 250 MHzmental problems and, to our knowledge, the only stochast
This stochastic resonanceorresponds to optical interferome-EPR experiments reported so far were performed at X-band fr
try, and was introduced to NMR by Erngtd) and Kaiser 20). quencies with a bandwidth of 80 MH23). They were realized
They showed theoretically and experimentally that the achiewsing analog real-time cross-correlation methods, where the |
able sensitivity for measuring one-dimensional spectra equafmnse is fed into an analog mixer together with the delay
that of pulse FT spectroscopy. Therefore, the sensitivity priexcitation. Therefore, the measurement had to be repeated
cipally is higher than that with conventional cw spectroscopsach cross-correlation delay in analogy to the optical mea-
because of the multiplex effect. Ziessow andiBich 21, 22) surements with different path lengths when using a Michelsc
pioneered the stochastic NMR application to the nonlinear systerferometer. In contrast to these analog experiments, we n
tem response and showed that the information content of #igitize the whole time trace of the response of the spin systel
nonlinear response, obtained by higher order cross-correlatisfterward, the cross-correlation with the excitation is performe
ofinputand output signals, equals that of multidimensional pulgéth a computer in order to gain the multiplex advantage of F
spectroscopy. More recently, stochastic excitation was also usgectroscopy.
for X-band EPR 23) and solid-state NMR24). Besides the In this paper we describe the stochastic excitation metho
application in magnetic resonance, stochastic resonance washe-new stochastic W-band microwave bridge, and the new |
ported from other fields, for instance, from microwave rotationatodal induction mode transmission resonator, before we rep
absorption spectroscop2%) and high-resolution optical spec-on the first FT measurements in high-field EPR. Furthermor
troscopy @6). For low microwave power, the linear response ofve discuss future improvements of the stochastic W-band EF
the spin systenk(o), which is the one-pulse response functiorexperiment as well as the possibility for future applications t
is obtained by cross-correlating inpu(t), and output,y(t), photoexcited transient radical pairs in photosynthetic reactic
signals centers.

k() =/ YOX(t — o) dt. ] 2. EXPERIMENTAL SETUP
0 The schematic diagram of the experimental setup is shov
in.Fig. 1. Similar to other realizations of stochastic resonanc
9, 20, 23, the broadband microwave excitation is generate
using pseudostochastic maximum-length binary sequenc
LBS) (27), by which the 95-GHz carrier is phase-modulated
MLBS are periodic sequences of binary numbers (0 and 1). T
ectral density is similar to that of a pulse train with the san
etition rate and with a pulse length corresponding to the mi
um phase bit lengthy, of the MLBS. In our caseg, = 4 ns,
r&j the resulting excitation bandwidth is 250 MHz (FWHM).
he MLBS are generated in the computer that controls the e
: ; : L : eriment and that is used to program the pulse programer (Te
pulse length and is the spin-lattice refaxation time. This ref{)ronix HFS9003). This unit also triggers the digitizer (Tektroni»

duction factor,zp/ Ty, contains the ratio of the duty cycles o S 744A h time it ts the MLBS. B the MLB
pulse and stochastic spectroscopy and may be as smaltas 1BD ) ) eachlime it repeals the - because e
re periodic, the signal can be averaged in order to impro

to 10-3. Thus, optimum excitation power for stochastic EP

depends on the excitation bandwidtiand onTy, and is given the signal-to-noise ratio. When using pseudostochastic MLE
by (see Ref.19)) for excitation, one can perform the data analysis also by appl

ing the Hadamard transformation instead of cross-correlatic
opt 5 and subsequent Fourier transformati@g)( Therefore this ap-
By =2v/Tiye. [2]  proach is sometimes called Hadamard spectroscy20. In
our case, the setup can be easily changed for using real stoct
It is this requirement of only relatively low excitation powettic instead of pseudostochastic excitation. This will be nece
that makes stochastic resonance particularly interesting for higlary when applying the stochastic EPR spectroscopy to rapic
field EPR. changing transient states and to nonlinear responses.

Subsequent Fourier transformation of the cross-correlati
yields the spectrunK (w) in the frequency domain. For eas-
ier calculation, one usually multiplies the Fourier-transforme
and complex-conjugated input functiof{w) with the Fourier-
transformed output functio () in order to obtairK (w). For
optimum sensitivity in stochastic resonance, one has to apﬁ
the same average power as in pulse FT spectroscopy. con
quently, for stochastic resonance with continuous microwa

irradiation, one needs only peak powers that are reduced b

factor ofz,/ Ty compared to pulse spectroscopy, wheyes the
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tiple reflections, e.g., between sample resonator and microwa
bridge, lead to standing waves in resonator-like structures of tt
transmission line, and will therefore limit the required band-
width. For this reason, the connections between the microway
components are kept as short as possible, and additional isolat
are included to reduce standing waves. For the connections
the sample resonator in the cryomagnet to the microwave bridc
an oversized rectangular waveguide (Ka-band) is used (dotte
microwave  line). The ultimately realized length of about 50 cm still leads tc
bridge a train of modes of standing waves in the waveguides betwee

| resonator and circulator as well as between resonator and mix

| separated from each other by 150 MHz. For a large enoug
: bandwidth it is necessary to perform the EPR measurements
|

the center between two of these modes. The bandwidth of tt
microwave setup, without sample resonator, was measured to
larger than 250 MHz. The measured overall noise figure of abo

C M) 11 dB is determined mainly by the noise figure of the 95-GHz
microwave mixer used for down-conversion.

digitizer / pulse The more recent stochastic NMR experiments have been r
JU_L"_H programer alized by using small-angle pulses with random phase for e
MLBS generation citation, after each of which one data point must be sample
) In EPR, because of the required bandwidth of 250 MHz, the
\ cross-correlation time window for one pulse and detection sampling point woulc

be 4 ns. For technical reasons this is far too short. Therefore,
\/\NFID stochastic EPR one has to use continuous irradiation with broa
l fourier transform band microwaves instead. One of the severe technical probler
of the continuous irradiation scheme is simultaneous excitatio
/\ spectrum and detection and, related to this, the dynamic range of the dete
tor. In our setup the dynamic range is limited by the 8-bit analog
computer digital converter and the 16-bit data accumulation of the digi:

FIG.1. Setup of the stochastic W-band EPR experiment. Dotted line, ov t|_zer. Whel-q_mStead O-f using a tre}nsmssmn type resonator_-
sized Ka-band waveguide (see Fig. 2); 1, 4-GHz phase modulator; 2, Y4-Gel|{?zsonator In reflectlon IS !JSEd’ which I? ,the cqmmon strategy |
amplifier; 3, up-converter to 95 GHz, 4, circulator; 5, detection diode; 6, re&:P R, €ach phase switching of the exciting microwaves leads
onator (see Fig. 2); 7, 95-GHz mixer; 8, 4-GHz amplifier; 9, 4-GHz mixer; 1&trong reflections at the resonator and concomitant saturation
4-GHz phase shifter. For details, see text. the detector. This results in artifacts in the cross-correlation. |

order to achieve effective decoupling of excitation and detectio
channels we have built a bimodal induction mode transmissio

Because sufficiently fast 95-GHz phase modulators do not yesonator for the sample (Fig. 2). Bimodal induction mode res
exist, we modulate the phase at an intermediate frequency (IFpoftors work in two degenerate, linearly polarized orthogone
4 GHz (phase modulator Miteq BMA0208LW?2) which is thenmodes. The linearly polarized excitation is carried by one o
up-converted with the output of a 91-GHz klystron (Varian). Thihem and cannot be observed in the mode orthogonal to the
resulting 95-GHz microwave is coupled to the transmission reBhe circularly polarized EPR signal, however, can be observe
onatorvia a three-port circulator. On its third port a detectioin both modes. Therefore, using the orthogonal mode for de
diode is used to observe the power reflected at the resonator irtection, the EPR signal is separated to a high degree from tt
der to check and adjust its resonance frequency. The power ihtxkground microwave excitation.
the resonator is limited to 2 dBm by the maximum output of the The bimodal probehead was realized as a Fabry—Perot re
up-converter (Farran BUC-10). The output signal of the tranenator operating in the TEpJs mode with the detection arm
mission resonator is down-converted by a mixer (Farran BM@stated by 90 with respect to the excitation arm (see Fig. 2A).
10B)where the 91-GHz local frequency is obtained directly froffihe gold-plated brass mirrors (diameter 19 mm, curvaRize
the klystron. The resulting IF is down-converted with the 4-GH¥5 mm) are positioned in a brass tube. The resonator is normal
local frequency in quadrature detection (Miteq 1QZ0046) aral/ercoupled in order to decrease the quality factor to 200 an
then recorded with the digitizer. The detection phase is adjustbéreby, to obtain the required high bandwidth. The microwav
using the phase shifter in the 4-GHz local branch. Great care veasipling can be varied by using mirrors with irises of differ-
taken to avoid reflections in the microwave bridge because maht diameter 0.9 mm-1.2 mm). The sample is introduced
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0.1 mm. By this construction an adjustable frequency range
1 GHz can be achieved. The microwave fi@d at the center
of the critically coupled resonator (quality fact@) is related
to the incident microwave powe®,, by the conversion factor
¢ = B1/+/PmwQ. With the conversion factor 3.3T/+/W, as
determined for a similar reflection type Fabry—Perot resonat
(3), and the output power of our W-band setup, a maxinim
field of 1.8 T can be achieved.

The decoupling of excitation and detection of such a resonat
is usually not better than 20 dB. It is possible to increase the d
coupling by twisting the two orthogonal waveguides somewh:
with respect to each, as was done for the 140-GHz bimod

Ka-band resonator in Ref.4). To avoid the mechanical stress on the
;waveguides waveguides due to this twisting, we instead increased decc

SL__ |1 pling by adjusting conducting screws (brags2 mm) in the
/ center plane of the resonator. These screws work in analogy

the “paddles” in the bimodal cylindrical cavities used in X-banc

(30, 31). They act as additional capacitance and correct for d

* viations from optimum geometry and for field distortions by the

sample. From X-band cylindrical cavities it is known that, for

optimum decoupling of the two modes, four metallic and twi

B S S resistive screws have to be introduced at well-defined positio

in the TE11 mode B0). Since in a Fabry—Perot resonator the

\ \ field geometry is rather different, the same paddle configuratic

! is less efficient. Nevertheless, it was possible to increase the «

coupling to 60 dB in a narrow band of about 20 MHz and t

40 dB in a broad band of about 500 MHz by adjusting two t
five brass screws according to Fig. 2B.

3. RESULTS

As a test sample, we used a nitroxide-nitronyle radical di
solved in toluene to a concentration of 1 mmol. The structut
of this radical is given in Fig. 3A. For stochastic excitation we
used a MLBS with a length of 511 bits, = 4 ns time base,

FIG. 2. W-band bimodal induction mode transmission Fabry—Perot reand, consequently, a period of 2.04. The output from the
onator. (A) The two linearly polarized TEdds modes are coupled by the two resonator was recorded both with the magnBgdield setting
W-band waveguides perpendicular to each other, indicated, igivexcitation close to the resonant field and wigg far off resonance, in order

and w for detection. The connection to the microwave bridge is made by two . . .
: v @,0btain an off-resonance baseline which was then subtract

oversized Ka-band waveguides. In the detection arm the waveguide is slit (Ssz ¢ )
allow for stress-free frequency adjustment. The two mirrors are kept in positiiPM the signal. Each measurement consists of 70,000 accumt
in a brass tube that also holds the sample and paddle holder (SH). (B) Secti¢gimhs, which leads to a total accumulation time of only 70,00

view through the sample and paddle holder (SH) in the center plane. The s@li$)4 ;s = 0.14 s. Nevertheless, because of the limited duty cy

arrows depict the magnetlc_mlprowave field d_lrectpr of the two Ilnegrly cle of our digitizer, it took about 7 min to perform the measure
polarized modes. The dots indicate the electric component of the microwave

field. The left side shows the mode used for detection, and the right side tﬂaﬁm' Figure 3B depicts the cross-correlation of the MLBS ar
for excitation. The sample (S) is introduced along the magnetic field lines of tHa€ Signal obtained in the way described above. The first 5 ns
excitation mode. Three to five brass screws were used as paddles (P) to increstorted due to source noise and imperfect baseline correcti
the decoupling of the two modes. These distortions have been corrected with a linear predicti

routine, written in Matlab program language, following the al
either as a film on the surface of one of the two mirrors, or igorithm in Ref. 82). Subsequent Fourier transformation result
sample tubes#0.7 mm for toluene) in the center plane of thén the absorptive and dispersive spectra. As seen in Fig. 3
resonator along the polarization axis of one of the two moded| the expected five hyperfine lines from tH& nuclei in the
For frequency adjustment one of the mirrors can be moved véive-membered ring of the nitroxide-nitronyle radical could be
tically. To enable this motion the waveguide is slit. Unwantetsolved over a spectral width of 90 MHz (3 mT) with one singl
reflections are negligible as long as the slit does not exceexperiment, i.e., at one fixe8y value.

detection mode excitation mode
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0\' A A spin probe with unresolved (proton) hyperfine structure wa:
N used to measure the actual spectral density of the microwa
N/ AN excitation and detection channels. BDRAK-bisdiphenylene-
- \N+ B-phenylallyl; see Fig. 4A) shows a single Gaussian EPR line
| of an inhomogeneously broadened width of about 1 mT. BDP/

was dissolved in toluene together with polystyrene and drie
and placed in the resonator as a film on one of the two mirror:
The number of spins in the resonator was about 20%. In
Fig. 4B the stochastic FT EPR spectra are shown for differer
values of theBy field. Because the Larmor frequency is propor-
0 50 100 150 200 tional to By, the signal amplitud® X (Fourier transform of the
time [ns] cross-correlation) is directly related to the spectral density of th
microwave MLBS excitation,X(w)|?, that is shown as a dotted
line in Fig. 4B. Around the center frequency, this relation is well
reproduced in the experiment, but at the wings the signal inter
sity is slightly smaller. The reason for this is that the resonanc
, frequencies of the two orthogonal modes of the resonator wel
50 0 50 not exactly equal. Optimum overlap of the two modes depenc
very critically on the adjustment of the brass screws (paddles
that were used to obtain maximum decoupling of the two mode:
FIG.3. Stochastic W-band EPR on a nitroxide-nitronyle radical. (A) Molec-
ular structure. (B) Cross-correlation of input and output signgt3,andy(t) in
the @ (full Iine)( a)nd 90 (dotted line) det:ction chanFr)leIs. %\isdata )c/)E‘ Zhe first 4. DISCUSSION

5 ns were corrected using linear prediction. (C) Absorption (dotted line) and
dispersion (full line) spectra after Fourier transformation.

y*x [au.]

v

Y X [au]

Larmor frequency [MHz]

The sensitivity of cw EPR spectrometers is usually expresse
as the minimum number of spin¥y,n, with a linewidth of 1 mT
that can be detected with a signal-to-noiSgN) ratio of 1 at

a detector bandwidth of 1 H88) . Because it does not make
sense to normalize Fourier-transform measurements to a dete
tor bandwidth, instead one has to consider the required me
suring times in order to compare stochastic sensitivity with cw
sensitivity. For a given detector bandwidihf.,, in hertz, the
cw measuring timeT.y, depends on the sweep range and res
olution,v andAv in linear frequency unitsTe, = v/AvAfgy.
Therefore N, for the stochastic EPR experiment is calculatec
as the minimum number of spins detected wiy/&l of 1 when
measured with the same measuring time required for a cw spe
trum with the same spectral parameters,

N Texp
Niin = ——————— | =2, 3
™ (S/N)expABNY Tew 3]

with the EPR linewidth B, the numben of resolved hyperfine
lines, the numbeN of spins in the resonator, and the measuring
y time Teyx, Of the stochastic experiment. We want to cover a spec

PATAN tral range of 14 mT, i.ey = 390 MHz (half-width of spectral
2200 -100 0 100 200 density is 250 MHz), and the stochastic spectra were recorde

Larmor frequency [MHz] with a resolution ofAv = 0.5 MHz. Because of the (siryv)?

shape of the spectral density of stochastic excitation, the sen:
FIG. 4. (A) Molecular structure of the BDPA radical. (B) Stochastic W-tivity depends on the off-resonance position of the EPR Signa
band EPR absorption spectra (full lines) at different magnBgidields, i.e., which determines the offset between the Larmor frequency ar

measured with different Larmor frequencies. The dotted lire ) shows the hat of the microwave carriep We determined the sensitiv-
spectral density|K (w)|?) of the stochastic excitation. There is a blind spot aI ICTOWa 1€PMw - ! v

zero frequency. The separation of two Fourier components of the excitation, dt)é for_a La.rmor frequency obuw :l:_50 MHz. Hence, fOI.' the
to the periodicity of the MLBS, is 490 kHz. nitroxide-nitronyle sample, we obtaindhi, = 4 x 10 spins/

Y X [a.u.]
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mT, and for the BDPA samplin = 8 x 103 spins/mT. These conversion factor, we used a Fabry—Perot bimodal resonator |
two values are in good agreement with each other when takig@use of relative ease of its construction. We believe, howev
into account the uncertainties in measuring concentrations dhat it should be possible to build also a W-band bimodal cylir
S/N ratios. drical transmission cavity, following the known X-band desigr
The theoretical sensitivity limit is given by the comparisof30). In this design, one mode is coupled through the front, ar
of thermal noise and signal intensity. There are mainly twi#e other one through the side of the cylinder. In contrast
limitations for the sensitivity of our setup. (i) The microwavéhis, in a W-band cylindrical cavity one probably would have tc
field/power conversion factor of the Fabry—Perot resonatorGeuple both modes through the front plates because coupli
10-15 times smaller than that of a cylindrical cavity, aneha through the side would require extreme accuracy in centerir
field of only 18 . T is reached. The sensitivity for an unsaturatethe bore. A bimodal cylindrical cavity has two major advan:
signal depends quadratically on the conversion factor. Althouttges: First, the conversion factor is increased by more that o
stochastic EPR does not require high fields, this value of order of magnitude, resulting in an increase of sensitivity by tw
1.8 T is still small compared to the optimum value, that is calPrders of magnitude (the sensitivity depends quadratically on t
culated to be 18@.T. This optimum value follows from Eq. [2] conversion factor). Second, in such a cylindrical cavity the a
for a typical spin system with a spin-lattice relaxation timiistment of decoupling the two modes, by introducing resistiv
of 1 us and an excitation bandwidth used in our experimen&nd capacitive screws in the middle plane, is expected to wo
(i) The digitizer available to us triggers only every 10 ms, but theetter than in the Fabry—Perot resonator. Moreover, by amplif
length of the recorded time traces i§2 us. Consequently, we ing the excitation power by 10 dB (which should be technicall
can measure only with a very low duty cycle of about 20-4.  feasible in the near future) one would approach the optimum e
Taking these limitations into account, the theoretical thermeitation power for samples with relaxation times of aboutsl
noise limit of our stochastic spectrometer for not-saturated safn the other hand, even without changing our present setup,
ples isN€® = 3 x 10'° spins/mT. This value was calculated€ach optimum microwave power for spin systems with rela
using Feher’s expressions for cw EPR sensitid8) @nd Ernst’s  ation times longer than 10 ms. This is rather common for coole
expressions for comparison of cw and stochastic magnetic ré@mples. Thus, with thi, field close to the optimum value, one
onance sensitivitiesl@). In our case, far off saturation, bothcan even expect to observe also nonlinear responses.
methods give the same theoretical sensitivity. The determinedrhis would be particularly interesting for the investigatior
experimental sensitivity is very close to the theoretical valuef biradicals or light-induced radical pairs, such as those o
This means that for the stochastic measurements the noise isaiting in photosynthetic reaction centefisy, The nonlinear
termined mainly by the thermal noise of the microwave mixefesponses contain information about the correlation of the tv
Thus, the noise floor is not drastically affected by source noigkectron spins. Therefore, they provide additional resolution fc
and artifacts that might arise from fast phase switching and d&in connectivities between different parts of spectra which,
sampling. Close to the carrier frequency the source noise showetrn, can be used to determine distances and orientations
up in an imperfect baseline correction. This leads to distortioff¥e two radical pair partners. Transient systems, after light e
during the first 5 ns of the cross-correlation. Nevertheless, thé#@tion, are often spin-polarized, i.e., neither time invariant nc
remaining distortions must be compared with the dead-time dig-thermal equilibrium. It is known that in this case large flip
tortions in pulsed EPR. They are generally much larger beca@gles of pulsed EPR would lead to spectra with significant lir

of saturating the detector by the high-power microwave pulsékstortions 84). In contrast to pulsed EPR with large flip angles
stochastic EPR could also be applied to spin-polarized systel

5. OUTLOOK without suffering from line distortions. This is valid because
the small microwave power used for stochastic resonance cor
On the basis of the preliminary results presented, we n@ponds to small flip angles in pulsed spectroscopy. However, t
discuss future possibilities of the high-field/high-frequencgiecay time constants of the spin polarization should be larg
stochastic EPR method. So far its sensitivity is smaller thaiman the period of the MLBS used. When this is not the cas
that in cw EPR with a cylindrical cavity. This is due to the smalhrtifacts may appear. Simulations show that, in order to avera
duty cycle of the stochastic experiment and the small convéinem to zero, one has to apply several, i.e., 30—100, differe
sion factor of the Fabry—Perot resonator. The duty cycle couddquences of binary noise and subsequently average the cr
be increased by using a faster averaging digitizer, which wouwddrrelations. This procedure would require only small change
lead to an increase of sensitivity by about two orders of magiit the computer control of our present experimental setup. Tl
tude. On the other hand, when performing an experiment wshme must be done for investigating the nonlinear respons
pulsed light excitation of the sample, the effective duty cycl@2).
is determined by the repetition rate of the laser. In this case Whether high-field/high-frequency stochastic EPR is an a
the duty cycle of the corresponding cw experiment is as low rnative to pulsed Fourier-transform EPR will depend on futur
that of the stochastic EPR. Therefore, the low duty cycle is nd¢évelopments of high-power microwave sources and amplifie
a principal limitation of stochastic EPR. Concerning the smath the mm and sub-mm region. When going to frequencies ev:
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higher than 95 GHz, where powerful low-noise sources will reduction of cytidine 5diphosphate by the E441Q R1 mutanEstherichia
probab'y remain inaccessible in the near future, one could think coli ribonucleotide reductas®roc. Natl. Acad. Sci.USA6, 89798984

of

performing cross-correlation in analogy to what is done in di

using the source noise directly for stochastic excitation and (1999). _ _ _ o
%5. D. Stehlik and K. Mbius, New EPR methods for investigating photopro-

cesses with paramagnetic intermediafe®u. Rev. Phys. Ched8, 745—

persive infrared interferometrB®). 784 (1997).
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