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Multiple quantum magic-angle spinning using rotary resonance excitation
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We have discovered rotary resonances between rf field stremgthand magic-angle spinning
(MAS) frequencywg, which dramatically enhance the sensitivity of triple quantum preparation and
mixing in the multiple-quantum MAS experiment, particularly for quadrupolar nuclei having low
gyromagnetic ratios or experiencing strong quadrupole couplings. Triple quantum excitation
efficiency minima occur whend; = nwg, wherenis an integer, with significant maxima occurring
between these minima. For triple quantum mixing we observe maxima whemwg. In both
preparation and mixing the pulse lengths required to reach maxima exceed one rotor period. We
have combined these rotary resonance conditions into a new experiment called FASTER MQ-MAS,
and have experimentally demonstrated a factor of 3 enhancement in sensitivity in comparison to
conventional MQ-MAS. ©2001 American Institute of Physic§DOI: 10.1063/1.1333407

I. INTRODUCTION ploits a rotary resonance between the rf field strength and the
sample rotation under magic-angle spinning. We call this
Since the introduction of multiple-quantum magic-angleapproach FAst Spinning gives Transfer Enhancement at Ro-
spinning(MQ-MAS) (Refs. 1 and Rfor obtaining high reso- tary resonancéFASTER. FASTER has an important advan-
lution solid-state NMR spectra of quadrupolar nuclei threetage over all previous approaches that significant sensitivity
approaches have gained widespread use for the preparatigains can be found at dramatically lower rf field strengths,
and mixing of multiple quantum coherences. The firstparticularly when employing MAS probes that exploit recent
approach” is the use of a single pulse whose duration istechnological improvements in sample spinning rafes.
much shorter than the rotor period for both preparation and
mixing periods in MQ-MAS>>~7 The rf field strength re- | ey peRIMENT
quirements for this approach are high, with many systems
requiring field strengths of 150 kHz or greater. In addition, ~ %’Rb MQ-MAS NMR experiments were performed at
high MAS spinning speeds, which average away the first196.367 MHz on a Bruker AVANCE-600 spectrometer and
order quadrupolar couplings, require even greater rf fieldat 130.932 MHz on a Bruker DSX-400 spectrometer, both
strength&® to maintain the same excitation efficiency. A sec-employing a MAS probe with 2.5 mm o.d. rotors. rf field
ond approach, called RIAC,uses an adiabatic coherence strengths up tow,/27=125kHz were obtained on the
transfer between triple quantum and single quantum cohe AVANCE-600, and up taw,/27= 200 kHz on the DSX-400.
ences induced by the MAS motidhOnce again, adiabatic- f field strengths were calibrated by measuring the pulse du-
ity constraints often require high rf field strengths whichration for 360° pulses for a 0.5 M aqueous solution of
must increase with spinning speed to maintain adiabaticityRONO;. Spinning frequencies were stable withinl0 Hz.
More recently, a third approath!® using fast amplitude Polycrystalline RbCIQ was obtained from a commercial
modulation has been shown to be a more effective propag&ource and used without further purification. The rotary reso-
tor for mixing. The mechanism for this enhancement hagance behavior outlined in this letter can be easily adapted
been explainéd as coherence transfers induced by the adiafor any of the current MQ-MAS pulse sequentc#s 41718
batic motion of the rotot>*>a mechanism similar to that of Which utilize single pulse preparation adgp=+2 and*4
RIACT,'® but significantly more efficient. In all three ap- Mixing.
proaches the need for high rf field strengths can lead to sig-
nificant sensitivity problems, particularly for quadrupolar nu-|jj. RESULTS AND DISCUSSION

clei having low gyromagnetic ratios or experiencing strong _ _ ] o
quadrupole couplings. In the first single pulse preparation and mixing MQ-

In this letter we present a new approach for the prepara¥AS experiments it was assumed that the pulse lengths were
tion and mixing of multiple quantum coherences that ex-Sufficiently short that the MAS time dependence in the first
order quadrupolar interaction could be ignoféd.
Amoureuxet al. however, showed that this approximation
breaks down rather rapidly and within one-tenth of a rotor
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8000 Aarhus C, Denmark. period significant losses in triple quantum excitation effi-
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these sensitivity losses increase with increasing spinning,,, 10 10
speed we decided to numerically and experimentally inves—( ) 05} 1°kHZ,; . (B) sl 20 kHZ_
tigate whether rotary resonance conditions exist that might | yiw oo ‘
recouple the first-order quadrupolar interaction, and thus im- g =0 “:?w iy 0 5 100 150 200
prove the efficiency of multiple quantum transfer. ‘ |
Employing numerical density matrix simulations of a o
polycrystalline sample containing sgir 3/2 nuclei with the
quadrupolar coupling parameter§,=3.2MHz and 7, 11 Widissan
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=0.21(i.e., those of’Rb in RbCIQ) we calculated the evo-
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obtained from an initial equilibrium density matrix gk
=1, for the preparation, and the evolution of the fictitious 10 1.0
spin half complex observables (C) | s0kHz

(12730) =Tr{p(0)123) @ |

obtained from an initial density matrix gs,=1%"* for the
Ap=—2 and+4 mixing. The time dependent Hamiltonian
employed in these calculations was

)

40kHz

H(t) =HP () +HP () +hoyly, )

where the first-order and second-order quadrupolar Hamilto-
nians are given By
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—— T T = 7 T
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H(ql)(t)/ﬁ — quz,o(t)Tz,oy (4) rf field strength (kHz) f field strength (kHz)
and FIG. 1. Simulated two-dimensional contour plots of the magnitude of triple
guantum coherence prepared as a function of pulse length and rf field
2 strength at four different sample spinning frequendigs 10 kHz, (B) 20
H®@)p = — @q Azk(DA2-(O[Tak, To ] ) kHz, (C) 30 kHz, and(D) 40 kHz. Equally spaced contour levels starting at
q 0k=1,2 k 10% of [(13 )| ma=Tr(1,127%) =1.5, are shown in 5% increments. Above

each contour plot is a skyline projection onto the rf field strength axis,
A static field strength of 9.4 T, apy/2m=131.364 MHz was  showing the signal maximum at each rf field strength. For comparison the

employed. These calculations were performed as a functiofkyline projection of signal maxima under static sample conditions is also
. . %hown in gray.
of pulse length and rf field strength for a static sample, and a
various different sample spinning frequencies. All simula-
tions were based on a full density matrix calculation and
were averaged over 3722 crystallite orientations. The con- |2-3
z

tinuous motion of the rotor was approximated by discretizing?ensllt_{] ma§r|><tr?fp3_= n ar; O}Ehﬁm":‘ﬁ |dent|ca|t ca;fl_cgla—
each rotor period into 250 smaller time independent periods'on' us, in the discussions to Toflow the percent etficiency

: ; triple quantum excitation will correspond to
A step size of 500 Hz was used when scanning through the @Pr _ _ .
field strength dimension. L2711 maw X 100%. For the mixing we use a the-

Two-dimensional contour plots of the magnitude of oretical maximum °f|<|i.3>|ma>‘:1’ which assumes com-
these complex observables are shown in Figs. 1 and 3 f&lete transfer op=+3 tnplg quantum coherence to either
spinning speeds obg/27=10, 20, 30, and 40 kHz. Above p=2:F31 or—1 centralll transition coh_er_encg. Only da_ta fqr the
each contour plot is a skyline projectf@ronto the rf field [(I27°)] observabldi.e., Ap=—2 mlxmg) is shown in F|g._
strength axis, showing the signal maximum at each rf fielos' In regg[% to rotary resonance behaV|c_)r_the results obtained
strength. For comparison the skyline projection of signalforth_e<|+ )observable{l.e_.,_Ap:+4 m|>_<|ng) were nearly
maxima under static sample conditions is also shown in gray entical to theAp= ._.2 mixing -data. with these_ assump-
in each plot. All data are plotted using the same intensit lons, th? per_cent eff|c-|ency .Of triple quantum to single quan-
scale for direct comparison. For the preparation this scal%umz_rg"xmg’z_'g the dlSCUfSIOﬂS to follow, corresponds to
was set by a theoretical maximum of(11"*)|max (D) ma) < 100%.
=Tr(1127*)=1.5, which assumes that the triple quantum
coherence created during the single pulse comes predomi-
nantly from the equilibrium polarization associated with the  In static samples we obtain the well known re$tithat
m= =+ 3/2 states. This assumption was confirmed when plotshe maximum triple quantum sign&hown as gray line in
nearly identical to those of Fig. 1 were obtained using arskyline projections of Fig. JLis created using short pulse
initial density matrix ofp0=3li’4, that is, with the central lengths at high rf field strengths. In this case the highest
transition “saturated.” In contrast, triple quantum coherencetriple quantum excitation efficiency is reached in the 100—
of negligible intensity was obtained when using an initial 200 kHz rf field strength range and is approximately 48% of

Triple quantum preparation
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TABLE I. Triple quantum excitation efficiency, 100%(|(13"*)|/1.5), ob-  ning speeds and then levels off and undergoes oscillations at
tained at the rotary-resonance global maximum obtained for each spinninghe higher spinning speeds Preliminary investigations show
speed. The next highest rotary-resonance maximum is shown in parentheseﬁ. . . . .

that the optimunw, / wg ratio increases with the size of the
wrl2m (kHz) ™27 kKH2) 0T wg t™T, % Efficiency ~ quadrupolar coupling constant and further investigations of
this dependence are in progress.

10 22.0(31.0 220310 1723 19.2(189 S )

20 53.0(33.5 265(1.68 2.0 (2.0 288 (27.7) An intriguing feature of these rotary resonances is that
30 50.0(37.0 167 (1.23 2.0(3.0 36.4(35.7 little or no evidence of their existence begins until the pulse
40 31.5(66.0 0.79(1.65 3.0(20 422(39.5 length exceeds one rotor period. For pulse lengths less than
50 39.0(67.5 ~ 078(135 3.0(20 492440  gne rotor period one observes a monotonic increase in exci-
Sg gg:g Eﬁfo 8;;; Eigg g:g g:g 2(7):2 gg% tation efficiepcy with increasing rf field strength._ The pulse
80 60.0(109.0  0.75(1.36 3.0 (2.0 58.3 (45.0 lengths required to reach the enhancement maxima generally
90 68.0(26.0 0.76 (0.29 3.0 (6.0 44.6 (30.9 occur at or very close to two or higher integer multiples of
100 740(137.0  074(1.37 3.0(20 604455  the rotor period. Certain resonances, i.4/wg values,

110 82.0(26.0 0.75(0.29 3.0 (7.0 49.8(39.6

seem to favor a specific number of rotor periods to reach the
maximum. For the system considered in this study we would
conclude that only pulse lengths of two or three rotor periods

the theoretical maximum. Considering the effect of samplevould need to be considered experimentally. These maxima
rotation and focusing on the high rf field strength region oftyPically fall at the top of the first oscillation of the triple
150200 kHz in the skyline projections of FiggA)—1(D) ~ guantum coherence durm_g the _puls.e. The period of oscilla-
one sees that triple quantum excitation efficiency decreasd¥n in the pulse length dimension is quite slow, often ex-
systematically with increasing sample spinning frequencyt€nding over many rotor periods, particularly at the higher
When wg/27 reaches 40 kHz the triple quantum excitation SPINning speeds. A Fourier transform of these oscillations
efficiency has dropped to approximately 20% af/2=  reveal that the rotary resonance nutation frequencies of the
=200 kHz. This is consistent with the sensitivity loss undertriple quantum coherences are dominated by a strong narrow
high speed MAS conditions as documented by Amoureuomponent at zero frequency and a broad component near
et al® 5-6 kHz in this system. The zero frequency component is
On examination of the long pulse length and low rf field quite strong, and represents a quasi-equilibrium spin-locked
strength region of 0—100 kHz we observe maxima in tripletriple quantum state. The magnitude of this spin-locked state
guantum excitation whose positions in the dimension is smaller(about 30%-40% smallgthan the global maxi-
scale with sample spinning speed. On this basis we assunf@um, but directly proportional to it as a function of spinning
that the mechanism for this excitation belongs to a type ofpeed. The frequency of the broad component near 5-6 kHz
rotary resonance. While we do not have a full theoreticapppears to be independent of spinning speed, but is flanked
understanding of this effect, we can discuss several notewoPn both sides by spinning sidebandsw.gf2 which diminish
thy aspects apparent in Fig. 1. Most importantly, in this ro-in intensity with increasing spinning speed. Additional cal-
tary resonance we observe minima in the triple quantum exculations reveal that the frequency of this broad resonance
citation when 2»;=nwg, wheren is an integer. Maxima in  increases with lower external field strengths. In a calculation
triple quantum excitation occur between these minima. Clos#ith the second-order quadrupolar Hamiltonian omitted from
examination of the position of the maxima in the dimen-  the total Hamiltonian(i.e., limit of high external field
sion reveals no simple relationship for their prediction. Instrength the broad peak becomes a broad anti-symmetric
Table | are the positions of the global maximadip for each ~ pattern centered about zero frequency with singularities
spinning speed investigated. At the lowest spinning speedround 1500 Hz. In such a limit, however, the triple quantum
(wr/2m=10kHz) the maxima occur roughly midway be- excitation efficiency remains relatively unchanged, indicat-
tween the rotary resonance minintgee Fig. 1, with the ing that this rotary resonance effect is primarily due to an
global maximum of 19.2% efficiency occurring around interaction between the first-order quadrupolar and the rf
w,/2m=22kHz where thev; / wg ratio is 2.2. Increasing the Hamiltonians.
spinning speed tawr/27m=20kHz a global maximum of Given the need for pulse lengths greater than one rotor
28.8% is obtained ai,/27=53 kHz wherew;/wg=2.65.  period and resonance widths in the dimension of approxi-
When wg/27=30 and 40 kHz global maxima of 36.4% and mately 3 kHz in thewg/27m= 10 kHz case, it is not surprising
42.2% are obtained when,/277=50kHz and 31.5 kHz, i.e., that this effect has not been observed previously at more
at the lower ratios ofw;/wg=1.67 and 0.79, respectively. conventional MAS rotor speeds. The excitation efficiency at
Simulations at higher, albeit currently impractical, spinningrotary resonance minima drops to about 1%, and rises as
speeds reveal even greater rotary resonance enhancemetiigh as the levels given in Table I. That these large varia-
While the wq/wg ratio needed to reach the global rotary tions can occur over such a small range of rf field strengths at
resonance maximum generally decreases with spinninthe low spinning speeds implies that random fluctuations in
speed, it does not scale continuously, but remains somewhedtfield strength and/or spinning rate while in the rotary reso-
constant over a range of spinning speeds and then shifts dieance regime can lead to dramatic variations in sensitivity.
continuously to lower values as the spinning speed increaseshus, as in most rotary resonance experiments, a stable spin-
We also observe that the excitation efficiency at the globahing speed and a well calibrated rf field strength are essen-
maximum increases with spinning speed at the lower spintial. The experimental advantage of these rotary resonances,
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FIG. 2. Experimental two-dimensional contour plots of the magnitude of 050 5is
87Rb triple quantum coherence created as a function of pulse length and rf (©) 30 kHz (D) 40 kHz
field strength in polycrystalline RbClQOspinning atwg/27m=30kHz in a 0251 1 0251
static field strength ofA) 9.4 T and(B) 14.1 T. Equally spaced contour 600 0.00
levels starting at 10% of maximum are shown in 5% increments. Above 0; %0 400 1501 200 0 50 100 150 200

both contour plots are skyline projections onto the rf field strength axis,
showing the maximum signal possible at each rf field strength. In both
experiments the preparation pulse was incremented in stepg.sf B (A)

the mixing pulse was held constant at @8with a rf amplitude of 200 kHz.

For each point 192 scans were acquired. A selective pulse field strength 30
kHz was used for the finair pulse. In(B) the mixing pulse was held
constant at 0.%s and a rf amplitude of 125 kHz. For each point 240 scans
were acquired. A selective pulse field strength 25 kHz was used for the final
7 pulse.
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however, will be greatest at the hlgheSt pOSSIble SpmanIG. 3. Simulated two-dimensional contour plots of central transition single
speeds. For example, atz/27=40kHz one would need rf quantum coherence aftetgp= — 2 transfer, i.e.p=11"%—12"3 as a func-
field strengths well in excess of 200 kHz to match the inten-ion of pulse length and rf field strength at four different sample spinning
sity of the rotary resonance of,/27=30kHz. With recent frequenciesA) 10 kHz, (B) 20 kHz,(C) 30 kHz, and(D) 40 kHz. Equally
advances in MAS probe technoldﬁysuch speeds are now spaced contour levels starti‘ng at 10% |0F3 )| ma=1, which assumes
experimentally accessible. Thus we expect these rotary resggmplew transfer op=+3 triple quantum coherence to either+ 1 or
: =1 central transition coherence, are shown in 2.5% increments. Above each

nances will become a valuable means for efficient triplecontour plot is a skyline projection onto the rf field strength axis, showing
guantum coherence preparation at high spinning speeds. the maximum signal possible at each rf field strength. For comparison the

To experimentally investigate this effect we employedskyline_projection of signal maxima under static sample conditions is also
the shifted-echo MQ-MAS sequence as outlined by Massio%hown naray-

et al® and systematically varied the preparation pulse length

and amplitude with the mixing pulse length and amplitudess predicted by the reduction in the second-order quadrupo-

and thet, evolution period held constant. This experiment|ar contribution to the Hamiltonian at higher field strengths.
was performed using thé’Rb signal of polycrystalline

RbCIQ, spinning atwg/27=30kHz. In Figs. 2A) and 2B)
are experimental two-dimensional contour plots of triple
guantum coherence created with this experiment in static A significant enhancement in multiple quantum mixing
field strengths of 9.4 T and 14.1 T, respectively. Additionalefficiency occurs when spinning the sample at the magic
experimental details are given in the figure caption. As preangle. This is clearly illustrated in the skyline projections of
dicted by numerical simulations, for pulse lengths less tharfrig. 3. In static samples we calculate a triple quantum mix-
one rotor period there are no rotary resonances, and insteadrgy efficiency of approximately 12% at;/27=200 kHz. At
monotonic increase in triple quantum excitation efficiencythe same high rf field strengths but under magic-angle
with increasing rf field strength is observed. For pulsesample spinning the mixing is now dominated by the RIACT
lengths greater than one rotor period we observe the preanechanism, with efficiencies of approximately 30% are ob-
dicted rotary resonances with the characteristic minima atained for bothAp= =2 and+4 coherence transferéThe
w1=Nwg/2. Because of instrument time constraints we wereA p=* 3 transfer efficiency, in contrast, is generally poor,
not able to explore the full shape of the rotary resonanceabout 10% atv,/277=200kHz. This is achieved using short
Between the deepest minimum and the highest maximunpulses, as there is no RIACT mechanism &g = + 3 trans-
however, we observe a factor of 7 enhancement. fers) One can also see the “retreat” of the RIACT contours

In the 9.4 T data the maxima occur at pulse lengths neailowards higher rf field strengths with increasing spinning
2 rotor periods, as predicted by simulations. In the 14.1 Tspeed. At the highest rf field strengths, however, the RIACT
data, the maxima occur at pulse lengths near 3 rotor periodsjixing efficiency remains constant with changing spinning
revealing a slower triple quantum nutation frequency, agairspeed.

B. Triple quantum mixing
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TABLE IlI. Triple quantum to single quantum mixing\p= —2,+4) effi- 1.0 1.0

ciency, 100% (|(127%)|/0.5), obtained at the rotary-resonance global (A) (B)

maximum for each spinning speed. 051 03}

0.0 0.0 ¥

wrl27 (kH2) wTaX/Z'IT (kH2) wrlnax/wR t?aX/TR % Efficiency 0 30 60 90 120 150 0 20 40 60 80 100
10(Ap=—2) 20.0 2.0 13 9.7 g 3
10(Ap=+4) 20.0 2.0 1.4 9.8 o 2
20(Ap=—2) 40.0 2.0 1.3 23.3 g s z—
20(Ap=+4) 40.0 2.0 15 237 Pt 2 ‘ )
30(Ap=—2) 59.0 2.0 1.3 26.9 2 = ‘ v;-'
30(Ap=+4) 59.5 2.0 1.4 27.0 ° 2 \\Qf
40(Ap=—2) 78.0 2.0 1.4 26.7 3 RS 2 NS
40(Ap=+4) 77.0 1.9 1.3 26.7 6 40 80 120 &
50(Ap=-2) 515 1.0 16 29.0 f field strength (kHz) rf field strength (kHz)
50(Ap=+4) 50.0 1.0 1.8 28.4
60(Ap=—2) 62.5 1.0 1.6 28.8 FIG. 4. Experimental two-dimensional contour plots of the magnitude of
60(Ap=+4) 61.0 1.0 14 28.9 87Rb central transition single quantum coherendg€ —2 pathway cre-
70(Ap=-2) 72.0 1.0 1.6 28.3 ated from triple quantum coherenge=f 3) as a function of pulse length and
70(Ap=+4) 69.0 0.99 14 29.7 rf field strength in polycrystalline RbCIOspinning atwg/2m=30kHz in a
80(Ap=-2) 82.0 1.0 1.6 317 static field strength ofA) 9.4 T and(B) 14.1 T. Equally spaced contour
80(Ap=+4) 79.0 0.99 14 32.2 levels starting at 10% of maximum are shown in 5% increments. Above
90(Ap=—2) 925 1.0 1.5 28.3 both contour plots are skyline projections onto the rf field strength axis,
90(Ap=+4) 87.0 0.97 15 29.7 showing the maximum signal possible at each rf field strength. In both

100(Ap=—2) 91.0 0.91 1.3 33.2 experiments the mixing pulse was incremented in steps g@$.9n (A) the

100(Ap=+4) 95.5 1.0 15 36.0 preparation pulse was held constant at 29with a rf amplitude of 200

kHz. For each point 384 scans were acquired. A selective pulse field
strength 30 kHz was used for the finalpulse. In(B) the preparation pulse
was held constant at 2s and a rf amplitude of 125 kHz. For each point
384 scans were acquired. A selective pulse field strength 25 kHz was used
for the final 7 pulse.

On examination of the long pulse and the low rf field
strength region of 0—100 kHz we again observe mixing ef-
ficiency enhancements having the characteristic behavior of
rotary resonances. In contrast to the preparation rotary res@endent of spinning speed, and increases with decreasing
nances, the mixing rotary resonances enhancements occureatternal static field strengths.
w1=nwg and provide a smaller but still significant intensity Although the rotary resonance enhancements in the mix-
enhancement. In general, the rotary resonance line shapesiilg pulse are not as strong as in the preparation, at high
w1 are symmetric, and increase in width with increasingspinning speeds they can still be exploited as a means of
spinning speed. In contrast to the preparation rotary resaelieving rf field strength requirements without sacrificing
nances, the variation in mixing efficiency when passingsensitivity. At wg/27=40kHz a rotary resonance mixing
through a rotary resonance is not as dramatic, making it leswith a rf field strength ofv,/27=40kHz can provide nearly
sensitive to fluctuations in rotor speed and rf field strength.the same sensitivity as the conventional short pulse mixing

In Table Il are the positions of the global rotary reso-with w./27=100kHz. Finally, there appears to be no sig-
nance maxima irw, for the Ap=—2 and +4 coherence nificant difference in mixing efficiency between thep
transfers at each spinning speed investigated. While the ro= —2 andAp=+4. Thus rotary resonance mixing should
tary resonance enhancement is hardly visible wgf2 be well suited for hypercomplex data acquisition, where both
=10kHz, it increases with spinning speed. Beyangl2 echo and antiecho coherence transfer pathways need to have
=20kHz the transfer efficiencies are similar to those ob-equal transfer efficiencies.
tained with RIACT at the higher rf field strength. Once again  To experimentally investigate this effect we again em-
the w, / wg ratio needed to reach the global rotary resonancgloyed the shifted-echo MQ-MAS sequence as outlined by
maximum increases discontinuously with increasing spinMassiotet al® and systematically varied the rf amplitudes
ning speed, with ratios ob;/wr=2 for spinning speeds of and mixing pulse lengths using tfi&b signal of polycrys-
40 kHz or lower, andw;/wr=1 for speeds 50 kHz or talline RbCIQ, spinning atwg/27m=30kHz. In Fig. 4 are
greater. experimental two-dimensional contour plots of triple quan-

As with the preparation rotary resonance, we observe &um coherence created as a function of pulse length and rf
monotonic increase in mixing efficiency at pulse lengths lesdield strength for a sample of RbCJGspinning atwg/27
than one rotor period, with no rotary resonance behavior ap=30kHz in a static field strength of 9.4 T and 14.1 T. Ad-
pearing until after one rotor period. The pulse lengths reditional details are given in the figure caption. As predicted
quired to reach the rotary resonance maxima occur from 1.the mixing contour plots shows three regions of maximum
to 1.6 rotor periods, again at the top of the first oscillation inefficiency: (1) the traditional regime of high efficiency using
the single quantum coherence during the pulse. A Fouriehigh rf field strengths and short pulse lengtt®,the RIACT
transform of these oscillations show a strong narrow comporegime of high efficiency using high rf field strengths and
nent at zero frequency and a broad component near 3 kHz ipulse lengths of approximately one or two thirds of a rotor
this system. The frequency of the broad component is indeperiod, and(3) the rotary resonance regime at low rf field
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FIG. 5. (A) FASTER MQ-MAS sequence for exploiting rotary resonance sensitivity enhancement. The rf field strength of tpeefiatation pulse is
adjusted to be approximately midway between the rotary resonance conditienmswg/2, and the secon@nixing) pulse is adjusted to the rotary resonance
conditionw;=nwg . Other than variations in rf field strength and pulse length the sequence and subsequent data processing is identical to that presented in
Massiotet al. (Ref. 5. Phase cycle for hypercomplex acquisition is also identical to that given by(Ejsand(19) in Massiotet al. (Ref. 5. In (B) and(C)

are two-dimensiondl’/Rb multiple quantum spectra of RbGl@omparing performance of the FASTER MQ-MAS sequence to the conventional MQ-MAS
sequence, respectively. Both experiments were performed by acqtiiririg= 128x 256 points using a dwell timgRef. 24 of 66.67 us int; and 20us in

t,. In addition, a selective pulse field strength ©f/27m=30kHz was used for the finat pulse and 120 scans were acquired in both experiments. A
preparation pulse with, =75 us (2.25 rotor periodsand w,/27= 37 kHz and a mixing pulse with,=65 us (1.95 rotor periodsand w,/27= 30 kHz were
used in the FASTER experiment. Both spectra were recorded at 9.4 Tesla. In the conventional MQ-MAS spectrum a preparation fgy#s2.@yith and
w1/27m=200 kHz and a mixing pulse with,,=0.8 us andw,/27=200 kHz were used. The sensitivity enhancement obtained with FASTER MQ-MAS is
approximately a factor of 3.

strengths with maxima ab; = nwg with pulse lengths longer tude to find the global maximum between the rotary reso-

than one rotor period. nance minima at @,=nwg, and the mixing pulse ampli-
In both the 9.4 Tesla and 14.1 Tesla experiments theude is adjusted to the rotary resonance condition
global rotary resonance maximum occurs at #ewgr=1  =nwg. The pulse lengths for the preparation and mixing are

ratio instead of the predicted; /wgr=2 ratio, and at pulse greater than one rotor period. For the preparation they are set
lengths closer to 2 rotor periods instead of the shorter pulsg approximately two or three rotor periods, and for the mix-
lengths. These differences, however, are not significant givemg will typically need to be optimized to somewhere within
the small difference in the predicted enhancements with th@ne to three periods_ In F|gs(5) and SC) are two-
two ratios, and the broad maxima in the pulse length dimengimensionaf’Rb multiple quantum spectra of RbGJ@om-
sion due to the slow single quantum oscillations. Most im-paring performance of the FASTER MQ-MAS sequence to
portantly, we see experimentally that rf field strengths neathe conventional single pulse preparation and mixing MQ-
w1/27m=100kHz are required in the RIACT regime to match \jas sequence using the highest rf power possible, i.e.,
the sensitivity obtained witho,/2r=30kHz in the rotary , />-—200kHz in this case. Additional experimental de-
resonance regime. tails are given in the caption of Fig. 5. The sensitivity en-
hancement obtained with FASTER MQ-MAS is approxi-
C. FASTER MQ-MAS mately a factor of 3 better. In addition to the sensitivity
We have combined the rotary resonance conditions deenhancement, FASTER MQ-MAS also provides a simple ex-
scribed above for the preparation and mixing of multipleperimental protocol with preparation and mixing pulse
quantum coherence into a MQ-MAS sequence -calledengths set to integer multiples of the rotor period. Moreover,
FASTER(FAst Spinning gives Transfer Enhancement at Rothe preparation and mixing pulse amplitudes are constrained
tary resonangeMQ-MAS. In this sequence the rf amplitude by the spinning speed, and one only needs to determine
of the preparation pulse is optimized by adjusting its ampli-which rotary resonance condition is optimal. While FASTER
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