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We describe a method allowing the determination of the effec-  spin—lattice relaxation rate in the presence of an RF filg)(_
tive B, field amplitude distribution in a high-resolution NMR |nterpretation of the obtained rates requires the knowledge
spectrometer. This method which can be adapted to almost any  he RF field strength in order to correct for the offset effect:
sequence, essentially consists of a nutation followed by a purging and to evaluate the presence of fast chemical exchange con

B, gradient pulse. Experimental results obtained with this ap- butions to the relaxation. In the present paper. we report
proach are described in homonuclear and heteronuclear cases. The ’ P paper, P

experimental distributions are used to estimate the biases induced ~ "€liable experimental procedure for determining quickly anc
by B, inhomogeneity, as well as the loss of RF power on hetero-  Precisely the effective RF field strength experienced by th
nuclear transverse self-relaxation rate determination. In this type Sample, as well as its inhomogeneity. Effects of the latter o
of measurement, the experimental biases induced on the intensities  the measured intensities in a typidJ,, experiment are then
can be as large as 5% for long mixing times. © 1999 Academic Press further explored.

Key Words: RF field homogeneity; heteronuclear relaxation.

1. B, FIELD INHOMOGENEITY IN
I. INTRODUCTION AMPLITUDE AND PHASE

The classical NMR method to explore protein dynamics Two different schemes can be considered for determinin
consists of measuring the longitudinal and transverse seffe RF field inhomogeneity, either building a pictorial 3D mag
relaxation rates and the heteronuclear dipolar cross-relaxatiiving the RF field amplitude and direction in each voxel
rates (nOe) 1-4). It has recently been shown that promising11, 12 or measuring the distribution of the RF field, i.e., the
information on protein structure or dynamics, such as deternfiiaction of the sample which experiences a given RF fielc
nation of the anisotropic Brownian reorientatio®-{) or lo- strength £3-16. The first scheme is obviously more detailed
calization and characterization of fast chemical exchange pmmst actually difficult to exploit, because it requires the use o
cessesq), can be deduced from precise measurements of tiie reciprocity theoreml(?). Indeed one measures a magneti-
self-relaxation rates usually followed by statistical treatmergation summed over the sample volume so that the interesti
The uncertainties of the determined relaxation rates are usudfiformation does not lie in the spatial distribution but in the
derived by considering the errors in the measured intensitiesdigtribution all over the sample of the amplitude and/or phas
dual experiments and are found to be on the order of 1%.an applied RF field. This is what gives the second schenr
However it was statistically shown that this leads to an unddrased on a simple nutation experimeh8)(
estimation of the uncertainty by a factor ofg).(This discrep- ~ We consider a spi§ I, noncoupled to any other spin, and
ancy may, at least in part, arise from hardware imperfectiod8 inhomogeneous RF field at the Larmor frequency of spi
that can introduce systematic biases not detected in reprodute@e neglecB, inhomogeneity, since resolution as high as
experiments. To avoid biases resulting from the CPMG af-1 Hz is now classical on commercial spectrometers. W
proach (0), one generally rather measures the heteronucleg@nSider a voxel with an associated magnetization = I,

dv. In this voxel, the RF field amplitude is«(v) while its

1 Present address: Bijvoet Center for Biomolecular Research, Utrecht URiI—-lase In t,he rotatlng frame relative tF’ tﬁB.( a,XIS IS B(v). .
versity, Padualaan 8, 3584 CH Utrecht, The Netherlands. After application of an on-resonance irradiation of duratior
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of a magnetization initially aligned along th@z axis be- The condition of on-resonance RF irradiation leads us to cor
come in the frame rotating at the irradiation frequengy sider the spin such that, = ,. The free-induction decay
obtained can be further analyzed by real Fourier transformatic

1,(v) = 14Sin(w,(V)t;)sin ¢(v)dv [1a] giving a dispersive spectrum that characterizes the RF fie
i experienced by the different nuclei during the irradiation. Us

y(v) = —lesin(w,(v)ty)cos d(v)dv b ing a Hilbert transformation (which is blindly done by adjust-
[1b] ing the zero-order phase correction to 90°), one ends up with

I,(v) = l,cod w,(V)t;)dv. [Lc] absorptive spectrum along the indirect dimension, the intensi

at each frequency being proportional ®(w,)[[5™ P(P;
The components of the total magnetization are obtained k)€ *d®], according to Eq. [4]. It thus depends on the am-
integra’[ion on the Samp|e volunmé: plltude and phase distribution of the RF field during the irra-
diation. The expected shape of the spectrum is thus a Dir:
function for a perfectly homogeneous RF field. Actually, the
I f sin(w,(V)t,)sin ¢(v)dv [2a] design of the coil induce§ restraints on'the RF field gmplitude
; and therefore the resulting spectrum is asymmetrical. Pha
inhomogeneities at a given field strength will lower the ob-
served intensity at this frequency. The effects on the observe
ly = _loj sin(w(V)t;)cos d(v)dv [2b]  spectrum are thus hard to predict but should not restore tt

v symmetry lost by amplitude distribution.

e We consider now the case where a purging gradient puls
IOJ coqw,(V)ty)dv. [2c] has been applied to destroy any transverse magnetizatic
¥ When applying a read pulse of duratidiyy., the observed
signal becomes

We can now replace the sum on the volume by an integral on
the proportion of the voxels that experience an RF field of
amplitude w; and of phase¢. We respectively denote lo
P(w,)dw, as the fraction of the sample experiencing an RF
field amplitude in the ranged;; w; + dw,] and®(¢; w,)dd
as the fraction of the sample experiencing an RF field @fhere
amplitude w, and of phase in the rangep{ ¢ + ddo].
Equations [2] may then be rewritten as .

Fp= —|f
0

IX == I()JA
0
Iy == _I 0 f
0
Fourier transformation of the resulting interferogram directly
® leads to an absorptive spectrum in which the intensity i
l,=1o | P(w)codwity)dw;. [3c] proportional to? (w,) (EQ. [5]), which is only a function of the
0 amplitude distribution of the applied RF field.

) o ) . The inhomogeneity which should be considered depends «
e Recording the transverse magnetization following the fhe sequence. In the case of a simple spin-lock pulse, tt

J* @(wl)cos{wltl)dwl) Fe ', [5]

2m
J P(¢; w1)e?dd |P(wy)siN(w;Tor)dw;
0

P(wy)siNwyty)dw, [3a] [6]

j ’ P(p; wy)sin pde

is a multiplicative constant resulting from assuming that it is
independent of the irradiation pulse. This assumption will b
discussed below. As above, Fourier transformation algng

allows the discrimination of the studied nuclei, while a real

@(wl)sln((ﬂltl)dwl

[3b]

f " 9(¢; wi)cosddd

radiation gives a signal proportional to — il that is, relative phase of the RF field over the sample influences tr
final observed intensities through a weighted average (Eq
s ) _ [3a] and [3b]). In contrast, taking advantage of the axial sym

_"0( J @(w1)3|n(wltl)dwl)e"“ﬂ2. [4]  metry aroundOz by projecting (or rotating) the magnetization

0 from this axis to the effective field and back again at the end c

the spin-lock allows one to disregard the effect of the phas

Fourier transformation along makes it possible discriminatedistribution and to restrict the dependence of the magnetizatic
the studied nuclei according to their resonance frequedagy ( evolution to the RF field strength only.

2w
j P(; w)e?dp
0
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In the above calculation, we have assumed that the RF A t
field w,(v) is time independent in frequency, amplitude, and g |
phase. It can however be extended to the time-dependent
case by integrating the Liouville—von Neumann equation.
Although Egs. [1] must be replaced by more complex ex-

pressions, the final results (Egs. [3]-[5]) are the same except B t
that ?(w,)dw, represents a convolution of the fraction of 1q
the sample experiencing a given RF field by the probability
of finding it. None of the experiments we have run have G
) . A
proved that this more complex treatment gives a closer Gp

description of the reality.
The extension of the derivation to the case where the RFFIG. 1. Pulse schemes used to determine the RF field homogeneity. (£

field is not applied on-resonance is Straightforward The m jves the RF field inhomogeneity in amplitude and phase while (B) gives th
) F field inhomogeneity in amplitude only. The open box corresponds to th

net_lzatl.on .VECtorS process then along an. effective _ﬁEI_d fGation period of duratioty. The narrow filled box is a 90° pulse that can be
which is tilted by an angled from the static magnetic field appiied at high power or at the power used in the nutation period. Gp is
direction purging gradient pulse, is incremented by a value of 1/(2v,,,,), according
to the Nyquist criterion, when one wants to study the response of the irradiatic
in the range [0w,,,J. Further data processing are described in the text. Fo
o sequence (B), if the distribution of effective field amplitudds desired, the
K' [7] nutation can be applied off-resonance. The offdets then the distance
between the RF frequency and the Larmor frequency of the studied sp
defined by the chosen column.

tan 0 =

whereA is the frequency offset. Following the evolution of

the transverse magnetization does not lead to a direct deter- 111. MEASUREMENT OF B, INHOMOGENEITY
mination of the RF field distribution, while the evolution of

the longitudinal magnetization still gives access to the if. Homonuclear Case

homogeneity in amplitude of the effective fiefd, where Figure 1 shows two sequences used to measure the F

field inhomogeneity. The sequence of Fig. 1A was suggeste
Q= \rm_ 8] by Bax (15) and is designed to measure the RF field in-
homogeneity arising from amplitude and phase variation
all over the sample. It can only be used when RF irradia
This solution can then be used to determine precisely the R&n is applied exactly on-resonance. The sequence ¢
field strength for an irradiation out of resonance, a useful isskgg. 1B allows determination of the RF field inhomoge-
which takes into account the variation of tQevalue of the coil neity in amplitude. It essentially consists of a nutation
with the irradiation frequency. experiment followed by a purging gradient pulse to keey
One should also take into account the magnetization decay duey thez component of the magnetization and finally a reac
to relaxation occurring during the irradiation (e 2ff'tl)). pulse, here, a simple 90° hard pulse. Figure 2A shows &
However, this relaxation ral@g' = %(sinZGR1 + (1 + cogh)R,) example of the RF inhomogeneity measured on-resonance
is on the order of the longitudinalR, and transverseR, a given RF field strength observed via the sequences of Fig
relaxation rates of the studied nuclei, that is, hertzs or tensIh and 1B on a broadband inverse probehead. It can t
hertz. As will be shown below, the magnetization decay due tdbserved that the RF field inhomogeneity is rather sma
RF field inhomogeneity is faster by at least one order ¢about 4.4% at half-width). The curves exhibit an asymmet
magnitude, enabling us to neglect this contribution in thécal shape as expected. The highest probability field
following. strength is found to be the same in both cases. However th
The generalization to a real spin system of the calculatigmobability is higher for the RF field amplitude distribution
performed on an isolated spé‘lreveals that (i) the dipolar spectrum than for the amplitude and phase distributio
cross-relaxation between the spins is almost never seculgrectrum. Moreover the full-width at middle-height
since due to the difference of their offsets, their differena&WMH) is larger when considering the complete inhomo-
of precession frequencies is much larger than the croggeneity than that for the amplitude inhomogeneity (31(
relaxation rates; and (ii) thé coupling Hamiltonian can be versus 280 Hz).
neglected as soon as the RF field strengthis much larger ~ According to Egs. [4] and [5], the ratio between these twc
than theJ value. A consequence of this resides in the neespectra gives the phase inhomogeneity at each field streng
of proton decoupling when the RF field distribution orXa if one neglects the multiplicative constant. This ratio (Fig.
nucleus is studied. 2B) is not constant withw;, meaning that the phase and
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FIG.2. (A) Distribution of *H RF field observed on a Brukemgradient broadband inverse probehead equipping a Bruker DRX500 spectrometer. The sar
is a 10 mM solution ofx cyclodextrin in DO at 298 K. Displayed are traces aloRgat the frequency of the H1 proton extracted from the 2D spectrum obtaine
according to the procedure described in the text. The carrier frequency was fixed to this proton Larmor frequency. The solid line corresponttibidtithre dis
in amplitude obtained by the sequence of Fig. 1B, while the dotted line has been obtained by the sequence of Fig. 1A. For this particular spectrelt the
strength of the 90° hard pulse of the sequence of Fig. 1B is the same as that used during the nutaiiBn.fiektvalue measured by a 360° pulse is 6.6 kHz
while yB; ,om, the RF field for which the probability is maximum, is larger: 6.89 kHig)( (B) Ratio of the two previous distributions. The error bars derive
from estimation of the noise calculated from the fluctuation oBhéeld in the wings of the distribution. The solid line superimposed corresponds to the functic
sin(w,Too). A clear discrepancy between the curve and the data points is observed, showing that the RF field inhomogeneity depends on the seque
spectral width in theé=; dimension is 10 kHz, the 2D spectrum is composed of 400 FIDs, while the processed spectrum contains 512 real poiRts in |
dimension. The spectrum corresponds to the column for the on-resonance peak. No apodization function was apphied along

amplitude are not fully independent. This statement relies armdependence of two successive pulses but this would simp
the assumption that the irradiation and read pulses dead to an overestimation of the RF field amplitude inhomo
independent. If we assume now that in each voxel the phagneity since the distribution obtained by scheme 1A is broad
and amplitude homogeneities are constant during the putban that of scheme 1B. Anyway this result clearly indicate:
sequence, then after a read pulse applied on-resonance thatl the RF field inhomogeneity should be determined b
at the same power level as the irradiation pulse, the recordmthpting the sequence with which the measurement is done,
signal becomes particular when one wants to take it into account in further dat
analysis.

% 2m
—il, f @'(wl)COS(wltl)J P(b: wl)ei‘bdd> . g ozt B. Heteronuclear Case

0 0 It seems particularly relevant to adopt the same approach f

[9] any heteronuclear measurement, since two different coils a

usually involved. Indeed the effective inhomogeneity (tha

with ?'(w,) = P(w4)Sin(w,Tge). The final spectrum is thus which influences the measurements) is expected and effe

the same as that obtained by sequence 1A except that tiliely observed (data not shown) to be different from the

measured probabilities are multiplied by sinTee). The complete inhomogeneity of the heteronuclear coil (usually th
sequence of Fig. 2B is then no longer suited for determinationter coil in an inverse probehead). We have considered as

of the RF field amplitude distribution, since it also contains thexample of a reference experiment the self-relaxation rai

phase inhomogeneity information. Figure 2B shows that timeasurement in the presence of an off-resonance RF irrad
ratio between the probabilities found using sequences 1A aieh with adiabatic rotationsl@, 19. Since in that experiment

1B is not proportional to sing;Too) (reducedy? of 42.1). the *N magnetization is adiabatically rotated from the static

This proves that the RF field inhomogeneity is not constantagnetic field direction toward the tilted effective field at the

along a pulse sequence. It is not sufficient to conclude on theginning of the spin-lock and back at its end, the relativ
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FIG. 3. (A) Pulse sequence allowing the determination of the RF field inhomogeneity relevant for an off-resonance heteronuclear self-relaxatit
measurement using adiabatic rotations. Narrow and large filled boxes represents 90° and 180° hard pulses, respectively. The encoding graditm pul
WATERGATE sequence are denoted Gw. The phase cycling is the same as that used for longitudinal self-relaxation measurement. The arrow indi
position where off-resonance RF irradiation can be added to follow the variation of the RF power after a strong irradiation. (B) DistribeNidRFofield
inhomogeneity observed in a Brukegradient broadband inverse probehead. The solid line superimposed is a visually adjusted analytical representation
experimental observation. Its equation is for < 1785 Hz, 4.210% (1717852121 1 g1 4g~(«171780/40)2 81 4~ (@1~1700/80)29n( for w, > 1785 Hz
the first Gaussian is replaced by 4.218 (»1~ 1785192 Thjg spectrum has been acquired at 310 K dfNzenriched sample of Toxir in water on a Bruker
DRX500 spectrometer. The, spectral width is 2.5 kHz, 200 FIDs have been acquired, the processed spectrum contains 512 real points in that dimen

phase of the RF irradiation experienced by each voxel has ofdtwo Gaussians and two half-Gaussians. The two half-Gau
influence on the signal intensity, and the only relevant inhstans are centered Bt .- AS an example, a fitted curve is
mogeneity is the amplitude one. The pulse sequence useddoperimposed on the data points in Fig. 3B. Finally if we
its determination is displayed in Fig. 3A. It was designed bieplace in the pulse sequence the nutation followed by
simply replacing the spin-lock irradiation of fixed duration irpurging gradient pulse by just the nutation, as done in th
the Rﬁg pulse sequencel®) by a nutation period followed by homonuclear case (Fig. 1), we still do not observe the san
a purgingB, gradient pulse. Figure 3B shows a result obtainatistribution curve as for protons (Fig. 2).

on a Brukerz gradient inverse broadband probehead with a The sequence of Fig. 3A has appeared to us as a very f
*N-enriched Toxinx sample in waterZ0). The distribution of and accurate method for determining the heteronuclear RF fie
B, field is still asymmetrical. We define tHéN nominal field, amplitude whatever its value. Indeed 5 mM *°N protein,

B1 nom. = @1 nom!7y, as the RF field for which the probability the determination oB, ., requires about 10 mn. Relative
P(w,) is maximum. In order to have an analytical descriptiodeterminations by physical methods based on signal sent to t
of the experimentaB, field distribution which can be used toprobe (oscilloscope, powermeter, etc.) are, of course, faster t
simulate, for instance, the effect of the inhomogeneity on tli® not take into account every mismatching condition whict
HOHAHA coherence transfer, we have noticed that the exp&an appear on the excitation line, resulting from nonlinearitie
imental distribution can appropriately be described by the suimthe response of the probehead, the preamplifier, the amp
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fier, or the coil and which can vary along the sequence. They TABLE 1

can simply result from heating. The approach based on theHigh Power (200 W) Effective **>N Nominal RF Field Strengths
sequence of Fig. 3A makes it possible to check the responsévgpsured Using the Sequence 3A Modified to Include at the
the spectrometer after long irradiation or strong decoupling b§esition Indicated by an Arrow an Extra Off-Resonance Spin-
for example, adding an irradiation period just before the nuth2¢k of Different Durations and Strengths

tion (Its position is indicated by the arrow on Fig. 3A. We will

denote its strength &8, ;,, while the nominal RF field mea- Puration

sured by the nutation will be notds, ,,,.). On all the Bruker 10 ms 150 ms 400 ms
systems we have tested (three DRX spectrometers, each with

two 300-WX amplifiers and the following 5-mm probeheads: YBxir VBinw % VB % yBiaa %

z gradient broadband inverse (BBI), one- or three-axis gradizg 4, 9.021 0.00 8.980 0.03 8.953 0.07

ents **N/*3C/*H inverse (TXI), and or three-axis gradients yyy 9171 000 8980 053 8586 492
15N/BB/*H inverse (TBI)), applying an irradiation at a power
of 5 W during 500 ms induced no significant power drop at thatNote. In the denotedyB, ,,, columns are reported the measured RF field
power level but significant power drops, up to 20%, at higﬁnphtudes in kilohertz. In the % columns is rfepor_ted the calculated sen§|t|V|t‘
. loss after the refocused INEPT block assuming (i) that pulses were calibrate
POW(?I’ _(>100 W) ConSEquently the har,d pUIseS fqllowmg th.‘zft‘ccording to the field strength observed in the 10-ms irradiation experimen
irradiation period are no longer well calibrated. This results ighq (i) that the delivered field strength remains constant during the 10-rr
sensitivity losses that vary with the duration of the irradiatioturation of the double INEPT sequence. The irradiation was applied with a
period. When a series of experiments is recorded with varioeffetA of 12 kHz, which is high when having a lowangle (9.4° at 2.2 kHz
mixing times to evaluate the magnetization decay rate in tﬁ%d 4.2° at 0.88 kHz, respectively), but moderate when staying in the fine ba

of optimal tuning/matching of the probe. Measurements were carried out wit

presence of RF irradiation, these sensitivity losses due atg mM sample of fully enriched Toxia on a Bruker DRX600 spectrometer

power drop will bias the results. The extent of the amplifie{quipped with a triple-axis gradient TBI probehead and a BLAX-H 300
power losses depends on many parameters (tuning, matchimglifier (maximal delivery power of 300 W) to irradiate the heteronucleus

and choice of the probehead, amplifier, duration and power G different nitrogen pulses were applied at powers of 200 W (hard pulses
irradiation, recovery delay after the irradiation, recycling dex3 W (decoupling during the 0.34-s acquisition time), 9.9 W (2.2-kHz spin-

I t It al . ith th t aft ock), and 1.9 W (0.88-kHz spin-lock). The repetition time was fixed to 2 s
ay, e C')' always Increases wi € power request aiter ﬁich is a typical value used in experiments recorded to measure relaxati

irradiatior! per?oq (ingrease @, .,y and With the strength of times. In theF, dimension the spectral width was equal to 10 kHz, 64 FIDs
the long irradiation (increase @, ;,). This effect does not had been acquired, and the spectra had been processed on 512 real points.

simply result from heating. Indeed if the irradiation period ofWMH was about 330 Hz; the precision of the nomin&, ., field could be
amplitudeB, ;, is applied before the recovery delay, as sugstimated to be less than 50 H25).

gested when performing measurements at constant average RF

power delivery 21), the power loss orB, . is extremely ) )

reduced whatever the choice of the power level. Also, if twgard pulses were applied at a power of 200 W with a 300-V
300-WX amplifiers are used to produce tH& pulses, one for gmpllfler. Th_|s table also reports an estimation of the sensitiv
the long irradiation B, ;,) and the second for the hard pulse§y losses (til about 5%) after the refocused INEPT transfe
and the decoupling period, or if a 500-W amplifier is used witfgsulting from miscalibrated pulses. These estimations we
the same powers for the irradiations as those used withc@mputed assuming the amplifier does not recover during tt
300-W amplifier, no power loss is observed. This set of resuft§-ms duration of the refocused INEPT.

proves that the principal reason for the power loss resides in a

droop of the amplifier, but since we have never observed it |v. EFFECT OF THE RF FIELD INHOMOGENEITY

when the signal is directly sent to an oscilloscope, it should, at ON THE HETERONUCLEAR SELF-RELAXATION

least partially, result from the detuning of the excitation line. RATE DETERMINATION

This is confirmed as we observe that the choice of the probe-

head has a strong influence on the amplifier power loss. In ouln the presence of off-resonance RF irradiation, following
hands, among all the probeheads we have used, it was i€ magnetization decay in a series of recorded experimer
inverse broadband with one-axis gradient which gave the b@gth various mixing times gives the off-resonance self-relax
results. To illustrate these observations, we report in Tableafion ratesR‘l’:f of the one spin-order coherences, ) aligned
the results of the RF field amplitude measuremeBis,; with the effective field [22]

performed on a Bruker DRX600 spectrometer equipped with a
three-axis gradients TBI probehead and using the broadband
channel for the"*N pulses. These measurements were carried
out using the pulse sequence displayed in Fig. 3A, incorporat-
ing an off-resonance RF irradiation with adiabatic rotationsherel,, is an eventual fast chemical exchange contributior
prior to the nutation period (position denoted by the arrowiConsidering a two-site jump model with populatignsandp,,

RS = cog0R, + SIMFOR, + sirf0J.(Q), [10]
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FIG. 4. Relative errors on the measured intensities resulting from RF field inhomogeneity. The system relaxes toward 0 in the absence of fast ch
exchange. Two experimentally determined RF field distributions are considered, pBe Qf, = 862 Hz (dashed lines) and the second of 1785 Hz (solid lines)
Four different offsets (200, 600, 1200, and 2000 Hz) are considered. The longitugifarn(d transverseR,) self-relaxation rates are taken equal to 2 and 5
Hz respectively.

and difference of resonance frequertoy and denotingr, as another acquired at a lower RF power), we compute the rel:
the exchange correlation time, one has tive errore

Te Iin om. I om.
3o Q) = PPV’ oo [11] €= [12]

Ihom.

Due to B; inhomogeneity, each voxel of the sample experiwherel;,.om. iS the intensity when RF field inhomogeneity is
ences a different RF field amplitude and thus a different anglensidered

0 (Eq. [7]). Because of Eq. [10], the relaxation rate varies from

one voxel to the next as a function of inhomogeneity. For each -

voxel the decay is monoexponential, but as the system iy, = |0f @(wl)[(l—
nonlinear, the total magnetization decay is, a priori, no longer o
monoexponential. Since the function used to fit the experimen-

tal points (one exponential) does not correspond to the analyt-

ical solution, the extent of the bias induced by the RF field

inhomogeneity on the relaxation rate depends on the num
and values of the mixing times. However it is possible b
numerical integration to compare the magnetization after re- .

laxation during a mixing timer,, in the presence of an inho-  lhom. = (Io = Le(@1 nom)) € ™™™ + 1 (@1 nom),  [14]
mogeneous RF field to that in the presence of an homogeneous

RF field. In this reference experiment the RF field amplitude vgherel .(»,) is the intensity at,,, = % which depends omw,
taken to be equal to the nominal o, .., We consider two at least through the angle(24).

schemes where either magnetization relaxes towa2B0qf In Fig. 4 the results computed considering different offaets
toward its steady-state value which dependsfotJsing an (i.e., different angle$) in the off-resonanc&N self-relaxation
experimentally observed RF field homogeneity (Fig. 3B arstheme 18) are displayed. First the relative error increase:

|m(w1))erngZ(m1) + Im(wl):|d0)1|
Io lo

[13]

ile 1,om represents magnetization in a purely homogeneot
§F field of amplitudeB; ., formally
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