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We report the first experimental study of chemically induced electron spin polarization (CIDEP) processes in
low magnetic fields for spin-correlated radical pairs (SCRPs) in micellar environments. Photoexcitation of
(2,4,6-trimethylbenzoyl) diphenylphosphine oxide (TMBDPO) leads to the radical pair comprised of acyl
radical1l and phosphonyl radic&. The spin polarization, which is very strong in free solution even at zero
field, was detected using L-band time-resolved electron paramagnetic resonance (TREPR) spectroscopy with
specially modified resonators. The mechanism of formation and decay of low field CIDEP in SCRPs is
presented and discussed. The prominent difference between low and high field spectra in micelles is the
absence of anti-phase structure for radZalith HFI a > By. This feature is consistent with the proposed
polarization mechanism and theoretical predictions.

Introduction formed due to the spin correlated RPM (SC RP#AN

; : interesting feature of the SC RPM is the antiphase splitting
Recently many experimental and theoretical works have been'" : ) - o
concerned with the radical reactions in low and zero magnetic (APS) in the EPR spectra of radical pairs, where each individual

fields, due to both fundamental interest and possible biological NYPerfine line is split into doublets of opposite phase (emissive/
applications:2 Nonequilibrium populations of radical spin levels ~2PSOrptive, E/A, or absorptive/emissive, A/E). Many experi-

and their relaxation are among the factors determining the mental observations of radical pairs exhibiting APS have been
magnitudes of low magnetic field effects. The studies on reported, and several theoretical models to describe the spectral

chemically induced dynamic electron spin polarization (CIDEP) Shape of the APS have been proposeé: Closs, Forbes, and
using time-resolved EPR (TREPR) provide for the direct Norris'® were the first to explain the resonance shifts in terms
information on these values. of a constant effective exchange interaction. L&t&?this model

CIDEP phenomena in high magnetic fields are well under- Was quified by taking into gccqunt modulatio_n of the exchange
stood3-7 At the present time, several mechanisms of CIDEP interaction caused by the diffusion of the radicals. Neufeld and
formation have been established in observations of noninter- coauthord:22 demonstrated theoretically that the role of the
acting radicals from both thermal and photochemical reactions. detecting transverse microwave field may be involved in the
These are the triplet mechanism (TR, the radical pair  Origin of the APS.
mechanism (RPMY?-12 the radical-triplet pair mechanism Most of the studies on CIDEP have been carried out at high
(RTPM),13-15and electron spin polarization transfer (ESPT.  magnetic fieldsB, > a). However, CIDEP essentially depends
The TM occurs in reactions involving photoexcited triplet states. on magnetic field, and an important information on interactions
It arises because of molecular frame anisotropy in the intersys-in RPs can be obtained studying the magnetic field dependence
tem crossing process {$0 T1) in the excited precursor. This  of the CIDEP!>172529 Recently, we have observed and reported
polarization is then transferred to the radicals resulting from, on CIDEP in low magnetic fieldBy < a in homogeneous
for example, bond cleavage or electron-transfer reactions. A solutions?>-27 This low field electror-nuclear polarization
thorough investigation of the TM at different magnetic fields (ENP) was found to significantly exceed the high field CIDEP
was reported recentfy. The RPM originates from the interplay  in intensity. We also found that the TREPR spectra are
of the exchange, electron Zeeman and hyperfine interactions inasymmetric, with the predominate intensity of the low field
free radicals undergoing multiple diffusive encounters in free spectral line(s). Our theoretical analysis showed that the intensity
solution. In high magnetic fields wherBy, > a, (a is the of the polarization should increase with the viscosity of the
hyperfine interaction (HFI) constant), the electron spin polariza- solvent. For this reason, one would expect a further increase in
tion is mainly formed due to STy transitions in the radical ~ polarization formed in micellized RPs. On the other hand,
pair (STo RPM). If the magnetic field and the HFI constant are paramagnetic relaxation in the RP is expected to be more
comparable By ~ a), the ST and ST, electron-nuclear efficient in micelles compared to homogeneous solution.
transitions can contribute to the formation of additional polariza-  |n this paper, we continue our study of low field CIDEP
tion (ST.RPM). . _ o phenomena and apply the technique and theory to micellized
_ For the radical pairs with relatively long lifetime, e.9., RPS  Rps consisting of radical$ and 2 illustrated in Scheme 1.
in micelles or in solvents of very high viscosity, CIDEP is  gpecifically, radical pairs were created by 308 nm excimer laser
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SCHEME 1 @ (b)
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TMBDPO 1 2 T
TMBDPO undergoesn-cleavage upon irradiation from the

excited triplet state and forms triplet radical pairs of acyl radicals

(1) and phosphonyl radicals2)3° Radical 2 [(Ph)x(O)P]

possesses a large HFI consta(#P) ~ 36.5 mT in addition to S

a small hyperfine coupling~0.1 mT) due to the protons on

the phenyl groupd! It is the large value of the HFI constant of

the *'P nucleus that a_IIows us to use I__-band .TREPR V.Vith a Figure 1. Theoretical scheme for the energy levels of a RP with one

resonangg freq_uency in the-2 GHz region fgr I.nvestlgatlng magnetic nucleus as a function of interradical distani{e) = J, exp-

the transitions in very low and zero magnetic fields. —(r — R)2) Jo = 400 mT,R = 0.2 nm,/ = 0.2 nm,a = 36.5 mT,
We are interested in the effect of confinement of the RP on andB, = 20 mT (a) and 350 mT (b).

the generation and CIDEP decay kinetics due to SC RPM and

on the spectral shape of the APS in such conditions. Below, in low magnetic field are given by Breit and R&bi

our L-band TREPR results are compared to results for the same
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Distance / nm

radicals in homogeneous solutf§rand to the those obtained 110= Jouao,0]

for RPs in micelles at high magnetic fielgfs. 120= C,loB.CH CylB et

Low Field CIDEP in Micellized RPs: Qualitative 13C= |88,

Predictions from Theory

The major differences between low and high field CIDEP |40 ColoeaBy= CylBaatn )

can be understood qualitatively by considering the energy level here

structure at low field. The spin Hamiltonian of the RP (radicals wher

A and B), where only radical A has a single magnetic nucleus, 1 » 1 »

can be written as follows: Cl= oL+ ——|, ¢2= - S —
«/a)ez + & «/wez + a

H(I) = waSy, + S0, + 055, — N2+ 25%) Q)
. . Figure 1a shows the energy levels of the RP at low magnetic
wherewa andws are the electron Larmor frequencies of radicals  fig|q g) < g as a function of interradical distance. The diffusive
A and B respectivelya is the isotropic HFI constand(r) is separation of the radicals is adiabatiajf> a1, wherez, is
the exchangg interaction, and spin opera@&ndl have their the correlation time of the velocity of relative motion of the
usual meanings. The effects of HFI anisotropy on CIDEP RP34 The separation is nonadiabaticl#D < a1, whereD is
formation in liquids are usually neglected due to the averaging o mytya| diffusion coefficient. If the separation of the radicals
by rgpld radlcal rotations. Th|§ assumption is also upheld for ;o adiabatic, the populations of the spin levelsJt< |a| are
RPsin m|ceIIes,_ since the_rotatlons of radlcalé_()o_—GQO ps?) directly correlated with the populations of the corresponding
are still too rapid comparing to the characteristic times of the levels at|J| > |al. If the separation of radicals is nonadiabatic,

CllDEZ formdation._The nuclear Zeemag i][lter%ctio_n Wash N€- the populations of spin levels immediately after separation can
gected, an w? h_ “s h_ @e assumed for r:ev!ty. T z. Ibe calculated projecting the spin states of the RBjat |a
d.ePe” enﬁe Oht fe exchange interaction on the inter-radical i, he spin states of the individual (separated) radicaly at
Istancer has the form < |a]. In nonviscous solutions the criterion of nonadiabaticity
I = J- exo((r — R)/A 2 is us_ually fulfilled. I_n viscous solutions such as mlcelles, a
) o &P /) 2) contribution from adiabaticity cannot be neglected for radicals

where J, is the exchange interaction at the radius of closest With large HFI, which are used in this work.
radical approaciR, and/ is a parameter characterizing the |t was shown recently that the efficiency of TM for phos-
exponential decay of the exchange interaction. phonyl radicals is optimized at the X-band magnetic fidlds.
At the distance of closest approach of the radicals, whire The contnbutl'on.of the TM decrease; going to both higher and
> |al, Bo, the eigenfunctions of the RP are described by eq 3 Iower magnetic fields. Neverthel_ess,_ itis important to examine
which polarization patterns can in principle be observed due to

So,0SB LT o, DT, 18,0 Tolo, D Tol AL Tl D T_| 8,0 TM at low magnetic fields, i.e., how the populations of spin

©) states atJ| > a are transferred to the populations of low-field
eigenstates dtl] < a.
whereS Ty, T+, andT- are the singlet and triplet functions of For the case of nonadiabatic radical separation at low
the electrons, and the subscriptrepresents the nuclear spin  magnetic fields, the calculations show that for any initial
1/2 in radical A. populations atJ| > a all CIDEP lines should have the same

At large distances, where|J| < |a], By, the eigenfunctions  phase, similarly to the high magnetic field. However, the low-
of the RP are represented by the direct products of the field CIDEP spectra have an asymmetric shape. For example,
eigenfunctions of the individual radicals. The eigenfunctions if only the statesT—|a,Jand T-|8,0have the initial population
of radical B arglagand|Sgl] The eigenfunctions of radical A ng, the intensities of EPR lines are found
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I O - =C.’n/2 considered in terms of an average Hamiltonian characterized
A1E-40H Nag = Nag 1Ny >
' ' ' by time-independent parameters. In the case waew Z, the
|A,\25»|3DD Nag— Nap= (1- sz)no/g = 012”0/2 RPs can be treated similarly to those in homogeneous solution,
because of their rapid loss of spin coherence. In the latter case,
I8 joz-pol Ne g — Ngo = No (5) any micellar effects will be manifest themselves only as a scaling

) N parameter. For the RPs studied here, the condjapr> Z is
wherela,jiz-janandla 2z-j3o0are the intensities of the low- and  fulfilled. Based on the analysis above, it is justifiable to use

high-field EPR lines of radical A, respectively, ahglaz-50is egs 6 and 7 in our analysis of micellized RPs for qualitative
the intensity of the line of radical B. Despite the fact that the predictions.

intensities of both transitions in radical A COinCide, one should An interesting feature of the System described in Figure 1a

keep in mind that as a rule these transitions are detectedis the absence of crossing between t®@,0and T-|onC
experimentally at different magnetic fields, and therefore, the electron-nuclear spin states. This surely does not mean that
experimental TREPR spectrum have an asymmetric shape athe S-T_ transitions do not occur. The interplay between the
low fields. flip-flop electron—nuclear spin transitions and exchange relax-
For a RP with initially populated’;. states, the EPR lines  ation still results in CIDEP, but the process cannot be considered
will be emissive and the intensities described again by eq 5. in terms of theories developed for the case when the crossing
When only theTo state is populated, no TREPR signal is does take place.
observed. Therefore, for arbitrary initial populations of the triplet Earlier, we used the energy level diagram shown in Figure

levels of the RP, all lines in the spectrum should have the same1p for the classification of transitions which participate in the
phase, but the low field line of radical A should be less intense formation of APS in high magnetic field§:2° This scheme

than the high field one. qualitatively explains the origin of APS, assuming that the
The case of adiabatic separation can be considered in aexchange interaction leads to a splitting of each transition in

manner similar to ref 24. The six upper spin level$Jat> |a radical A into a doublet with the two components opposite in

are adiabatically correlated with the six upper levelsJat< phase as described above. Equation 6 shows that in zero

|al. After the separation, the two lower levels of the RP (Figure magnetic field, the three upper levels of radical A are equally
1a) will not be populated, whereas the six upper levels will be populated, whereas the lower level is underpopulated. For
populated. Therefore, the low field TREPR resonance line of reactions in micelles, this means that the 6 upper levels of the
radical A can only be emissive, while the high field line can be SCRP are equally overpopulated, and the two lower levels are
emissive or absorptive depending on the anisotropy of the equally underpopulated. The same result holds for SCRPs in
intersystem crossing process in the triplet precursor molecule.|ow magnetic field, except that the populations of the upper
Consequently, the contribution from the adiabatic process resultsspin levels will no longer be equé. Thus, for the|10< |40
in specific characteristics of the TREPR spectra due to the TM. EPR transition in radical A, both components of the doublet

We have shown previousty?® that the RPM polarization  can only have the same phase (emission). A similar prediction
patterns are similar in both cases of adiabatic and nonadiabatiGs made for the2[1 |3Ctransition, where both components of
separation of radicals at low magnetic field. In the nonadiabatic the doublet will be in absorption. This leads to the unambiguous
case, the following expressions for the populations of the spin conclusion that for radical A, the APS cannot be observed in
levels of radical A were obtained fd, = 0 low and zero magnetic fields. As we will see below, this

conclusion agrees well with the experimental observations.
o _1 \/a_rj

My =M, = nA’3=—+—(n+;+ In

4 48/2

Jotj| + ZV) Experimental Section

All materials and solvents were obtained from Aldrich and

o _1 ar; R | > used as received. The concentrations used were as follows:
”A,4—Z'_16\/§(”+1+ N + 7) ®)  TMBDPO — 3 mM, SDS— 0.2 M, and SOS- 0.1 M. The
apparatus, including a description of the home-built resonators,
and for the limiting case of high > a) magnetic field is described in detail elsewhete?®
) 1 n\/a_r]— ) . 1 mlag Results and Discussion
M=M= g Me=Ma=3" g () The main features of low field CIDEP of radicalsand2 in
nonviscous homogeneous solution have been detailed in ref 26.
wherez; = A?/D, y = 0.577 is the Euler constard,) < 0 and Micellized RPs exist in a liquid phase of higher viscosity and
it is assumed thadir; < 1. The radical B is not polarized and  their mobility is restricted by the micellar boundary. To examine
net polarization is neglected for this case. how these two factors manifest themselves in terms of CIDEP

The geminate RPs escape from micelles relatively slowly, mechanisms, we initially investigated the low field CIDEP of
much slower than the same RPs escape from their geminatethese radicals in homogeneous solutions of different viscosities.
state in ordinary solvents such as benzene. Moreover, the RPs Figure 2, panels-ac and d-e, shows L-band TREPR spectra
in micelles undergo multiple repetitive encounters with each obtained after laser flash photolysis of TMBDPO in benzene
other, during their lifetime in the micelle, compared with the and poly(ethylene glycol). The center line and the outer doublet
electron spin relaxation times. Taken together these two are assigned to radicalsand2 from Scheme 1, respectively.
processes (re-encounter and relaxation) make the calculatiorAt short delay times after the laser flash, the TREPR spectrum
of the spin level populations for micellized RPs very cumber- exhibits a strong absorptive electron spin polarization due to
some. Fortunately, there are two limiting cases defined by a the TM?2 and a superimposed E/A polarization pattern. The
relation between the frequency of encounters (Z) and the asymmetry of the spectrum (different intensities of the low field
magnitude of the HFI. In the case whi < Z, the evolution and high field lines) has been discussed in detail in ref 26. In
of the populations and the populations themselves can bethat paper, it was shown that at magnetic fields lower than the



CIDEP of Micellized Radical Pairs J. Phys. Chem. A, Vol. 109, No. 23, 2008067

(@)

(d) (@) (b)
jk ‘jL 100200 ”sjk /\ 50-150 ns J& V/\‘
AW

"~
V 100-200 ns j\ V100—200 ns 200-300 nsJk _/\.
(b) (e) o 150-250 ns WJ& J\‘
- A "'v"" o e w300-400 ns\r‘h W »\/M
b\( 300-500 ns 300-500 ns 300500 s -
| | ' ' ' ' ' 300-500 ns W K\f ‘V'
30 40 50 60 70 20 30 40 50 60 70 \r v
Magnetic field / mT "320 330 340 350 360 "50 60 70 80 90

(©

>
0.2 __ high-field i
E 0.0 e © @ 50-150ns , Mwap? e
T oo 100-150 ns fw
,UE; s “lowdfiedine T owfield line \/‘
"0 200 400 600 800 - O 200 400 600 800 f 10020008 _ oo Nt
Time delay /ns 160.250 ns o A
Figure 2. TREPR spectra (a,b) and kinetic decays (c) measured in Y 15025008 il
benzene, and TREPR spectra (d,e) and kinetic decays (f) measured in f

poly(ethylene glycol) at L-band (1.5 GHz) for radicdlsand 2 (see
Scheme 1 for structures). Numbers shown in figures (a,b,d) and (f) 2°°'3°°”5w whu
refer to the time delays of the boxcar integration window. The TREPR Y
kinetics of radical are marked by arrows, and the kinetics of radical N A
1 are not marked. 20 30 40 50 60 70 0 10 20 30 40 50

Magnetic field / mT
HFI constant, very strong emissive polarization is formed in rigyre 3. TREPR spectra measured at X-band (a), and L-band: 2
the low field line. This mechanism is related to the mixing of GHz (b), 1.5 GHz (c) and 1 GHz (d). Numbers shown refer to the
electron and nuclear spin states of the radical due+d .S delay time of the boxcar integration window.

transitions at low magnetic field. The main relaxation mecha-
nism for radical2 is the modulation of the anisotropic HF. exponential function at> 100 ns with the characteristic decay
The HFI-induced relaxation rate for the low field line is much time r4ec = (75 =+ 5) ns and thus is determined by relaxation.
slower than for the high field liné This explains the difference  The value we obtained faie. agrees with the results reported
in the TREPR kinetics measured for the high and low field lines previously3® whereT; < 100 ns in benzene was estimated at
shown in Figure 2. The anisotropic HFIl-induced relaxation is X-band. The TREPR kinetic decay times are very similar in
more efficient in viscous solutions, and this is why in poly- benzene and poly(ethylene glycol), because the spin relaxation
(ethylene glycol), the decays of both the high and low field of radicallis mainly determined by the modulation of the spin-
lines of radical are faster and the line widths are larger in this rotational interaction due to the rotation of CO group around
solvent. C—CO bond®® Thus, the increase in polarization of radidal
Analysis of the decay kinetics using the monoexponential in poly(ethylene glycol), in comparison with benzene, is due to
function exptt/74ed gives (155+ 5) ns and (49G: 10) ns for an increase in the TM polarization in the higher viscosity
the decay of the high and low field lines, respectively, in solvent. Electron spin relaxation does not play a significant role.
benzene. In poly(ethylene glycol) we obtained time constants We therefore expect stronger polarization due to the TM for
of (100 + 5) ns for the high field line and (21% 5) ns for the radical 1 in micelles compared to nonviscous liquid solutions.
low field line. For more accurate analysis, we used the same Figure 3 shows X- and L-band TREPR spectra of raditals
simulation approach as in refs 29, 25, and 26, which is basedand 2 obtained in SDS micelles. In high magnetic field (X-
on a numerical solution of the stochastic Liouville equation. In band, 9.5 GHz), the contribution of the TM is strong and
this regard, both kinetic decay traces in benzene can be simulatednanifests itself as lines of the same absorptive phase at short
using the known HFI anisotropyA[A] = 228 mT for this delay times for all transitions. At longer delay times, spectral
radicaf! and a reasonable correlation time for the rotational features due to-ST_ and S-T.+ CIDEP processes are observed,
motion of radicalt, = 12 ps (e.g., in ref 2. = 10 ps was in addition to APS line shapes. The presence of APS unambigu-
obtained in acetonitrile). The satisfactory fit of the kinetic decay ously proves that SCRPs are observed in micelles, and that any
traces of both lines in poly(ethylene glycol) can be obtained contribution from escaped radicals is negligible on this time
using the same HFI anisotropy and value fgof 26 ps. The scale. The spectra shown in Figure 3a agree well with those
low field kinetics are also influenced by a second-order chemical from ref 20.
reaction, which is included in the simulation using the parameter At L-band, (~2 GHz), EPR lines of radic& show an E/A
2kRo = 6 x 10° s™%. Herek is the reaction rate constant and pattern even at short delay times. This can be explained by both
Ry is the initial concentration of the radicals. a decrease of the TM and by an increase of polarization due to
Radicall experiences CIDEP due to the TM. The experi- S—T_ and S-T. transitions in the radical pairs. The efficiency
mental conditions were identical in both solvents, and the of the TM for precursors leading to phosphonyl radicals is
intensity of this line was much higher in the more viscous poly- optimized at X-band and decreases in both higher and lower
(ethylene glycol). The decay of the polarization and the line magnetic fields?” On the other hand, our studies on low field
width are approximately the same in both solvents. The TREPR CIDEP of phosphonyl radicals in homogeneous solutions show
kinetics in both solvents is approximated well using a mono- that the polarization intensity due te-§_ and S-T- transitions

/l"“ 200-300 ns WM
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lowfield line by the magnetic field dependence of the anisotropic HFI-induced
ot >~ relaxation, similar to that in homogeneous solutions as was
0 200 400 600 800 discussed above. This increases the polarization intensity from
Time delay / ns S—T_ transitions.
Figure 4. TREPR kinetics of radic& (marked by arrows) and radical Figure 5 compares low field TREPR spectra measured in SDS

1 (not marked) measured at X-band (a) and L-band: 2 GHz (b) and \5 SOS micelles. Tarasov and co-workers have shown that the
1.5 GHz (c). APS observed on the same RPs at X-band is significantly more

strongly increases in fields comparable to and lower than the Pronounced in SOS micelles comparing to SDS micéfies.

HFI constants of the reacting radicafsBoth factors lead to  this work, however, L-band TREPR spectra of radzab not
the predominance of the E/A pattern for radial contain APS in either SDS or SOS micelles. This again confirms

In contrast to our observations for radi@atthe polarization ~ the absence of APS at low magnetic field for radical with HF
of radicall in micelles is quite different from that observed in constantsa > Bo. At the same time the APS is very well
homogeneous solution. The signal is dominated by the TM at Pronounced in radical for both surfactants.
early delay times, then contributed to by-$- and S-T. The intensity of the TREPR signal in smaller (SOS) micelles
transitions, and finally leading to APS and an inversion of the Pecomes quite poor. This is explained by line broadening due
polarization phase at longer delay times. At even lower magnetic t0 faster exchange relaxation caused by a faster rate of radical
fields (L-band, 1.5 and 1 GHz), a further increase of the low reencounters. Note, that an increase of the line width in SOS
field line intensity is observed, in comparison with the high Mmicelles is also additional confirmation that the micellized RPs
field line of radical2 (Figures 3c,d). This is again consistent are observed and any contribution from escaped radicals into
with the dominant polarization being formed due teTS. and the bulk is negligible.

S—T, transitions over the TM at low magnetic fields. We note

that APS is detected in radica@l only at X-band and not at ~ Conclusions

L-band. This observation agrees well with our theoretical . .

considerations above. . In this paper, we have examlned. the general features of low
Figure 4 shows the TREPR kinetics measured at X-band (9_5f|eld CIDEP in micellized SCRPs with one large HFI constant.

GHz, Figure 4a) and L-band (2 GHz, Figure 4b and 1.5 GHz We have determined that the CIDEP pattern in micelles looks
Figu;e 4%). All of the kinetics decay c;n ﬂ?e time scale O'f afew, similar to that in ho_mogeneous solutions for radicals with HFI
hundred ns. The lifetime of the RP in SDS micelles of about & . Bo butis very different from CIDEP of SCRPs observed at

139 ns has been measured previously at zero magnetic field inhlgh magnetic field. The major differences n polarization
laser-flash photolysis study of TMBDP®and using Stimulated formation manifest themselves as an asymmgtrlc shape of the
Nuclear Polarization at 68 mT it was found to be 158hs. observed spectra even at very short delay times, and by the
The polarization of the radical consists of initially net abseﬁce. of any ant!-phase structulre..The main feat.ures of the
absorptive polarization due to TM, APS and negative net p_oIarlzano_n d_ecay in low magnetlc_ﬂelds are m_anlfested as
polarization due to ST- transitions generated during the dlfferg_nt Kinetics _me?‘S“fed for_the h'gh and low field TREPR
lifetime of the RP. As mentioned above, the main relaxation transitions. Polarization of ra@cgls without nonzero H'.:I con-
mechanism for this radical is modulation of the spin-rotational stants shows APS and net emission due to th Smechanism.

interaction. The TREPR kinetics of radichlare very similar
at X- and L-bands, and the decay is on the order of 100 ns. Acknowledgment. We.thank_Dr. V. F Tarasov and Prof.
The decay of the high field line of radic& is nearly the P. A Purtoy for helpful d|scu53|ons. This work was supported
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