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In this work, we present a family of pulse sequences for selective
heteronuclear J cross-polarization (JCP), which we have devel-
oped especially for indirect *C imaging using JCP, for example in
the CYCLCROP environment. The sequences are straightforward
to implement and operate reliably. Results of an average Hamil-
tonian analysis are given for the basic sequence, which we term
PRAWN (pulsed rotating frame transfer sequence with windows).
It is shown experimentally that the pulse sequence, which operates
efficiently with low RF duty cycles down to a few percent, has a
useful tolerance range to absolute Hartmann—Hahn mismatch and
generates coherence transfer spectra in close correspondence with
the JCP average Hamiltonian. Computer simulation of the per-
formance of the basic sequence on a heteronuclear spin-5 AX
system is also presented. The mismatch compensation of PRAWN
may be markedly enhanced further by issuing a @ pulse to each
spin halfway through the basic PRAWN train and in phase
quadrature to it. A simple analysis of this modified sequence,
PRAWN-7, is given under conditions of mismatch and off-
resonance irradiation. © 1999 Academic Press

Key Words: indirect *C imaging using CYCLCROP; selective
heteronuclear J cross-polarization; Hartmann—-Hahn mismatch;
pulsed rotating frame transfer sequences with windows; density
matrix theory of mismatch compensation and off-resonance
effects.

INTRODUCTION

this report, we present the basic characteristics of PRAWN
including a simple variant, PRAWMN~

BASIC SEQUENCE

The basic PRAWN sequence consists simply of a series
RF pulses with constant pulse duratian)( flip angle @), and
phase (sax), as well as constant pulse interval)( issued on
both spins simultaneously. The sequence is depicted in Fig.

The operation of the sequence may be readily understood
the basis of an average Hamiltonian analysis of a cycla of
pulses of the sequence satisfying the condition

ne = 2. (1]

We find on applying the standard treatment following Ellett
and Waugh 11) that the zeroth-order average offset Hamilto-
nian vanishes:

N(7s+ 70)(1)a = 0. (2]

This result is independent of the sequence parameters, exc
for the cased = 24, for which we find:

. . . . (TS + TW)(IZ)aV: TSI z [3]
We have been interested in the proton detected indirect

imaging of °C in elastomers and in plants vivo, employing
the cyclic cross-polarization scheme, CYCLCRQB. (Our Se()ar\%hiiﬂ'ifl;ili(\?;é:f tzagnv\?i:?;r(;;}soﬁq' [2] for the case

approach relies on introducing*¥C-enriched species as tracer . I ,

L . For the zeroth-order average coupling Hamiltonian, we find
for the application in view Z, 3). In this context, we have -

: . - forl =3=8

developed a family of simple mixing sequences to effect the
desired selectivel cross-polarization for such applications. _
Our pulse sequence family, which we term pulsed rotating H
frame transfer sequences with windows (PRAWN), may be
used with both single-coil and two-coil probeheads, permifshis form is once again independent of the sequence pararr
operation with very low average RF field amplitudes of thters, except for the two casés= 7 and6 = 2, for which we
order of the coupling in questiod, and is robust in operation, find
besides being tolerant to Hartmann—Hahn mismatetL(). In

wI(1.,S, + 1,S). 4]

! On leave from: Laboratory of Chemical Physics, Central Leather Research
Institute, CSIR, Adayaru, Chennai—600 020, Tamil Nadu, India.

n(ra+ 1) (180 =1 5 (1S, + 1,S) + 7S, [5]
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FIG. 1. Schematic of the pulsed rotating frame transfer sequence with windows (PRAWN).

Once again, Eq. [5] takes the same form as Eq. [4] for the case
7, = 0, which is equivalent to cw irradiation.

EXPERIMENTAL TESTS AND COMPUTER
SIMULATIONS

In its basic version, we normally employ PRAWN with an
RF amplitude of~500 Hz to 1 kHz and a duty cycle{/(t, +
7)) of about 20% (corresponding to an average RF amplitude
of 100—200 Hz), typically covering the mixing period with one
cycle of the sequence for transfer mediated by, coupling.

The experimental coherence transfer spectrum of Fig. 2 clearly
demonstrates the expected behavior.

At this level, PRAWN exhibits a useful tolerance range to
absolute Hartmann—Hahn mismatch, since there are infi- . , , : ‘ , ,
nitely many solutions foré satisfying cyclicity, and in Hz 300 200 100 0 -100  -200  -300
particular the low flip angle solutions cluster closely to- gig. 2. Coherence transfer (CT) spectru, (projection) of the PRAWN
gether. Equivalently, one may view the absolute mismatebquence in forward mode (%> A, *H — “*C) obtained on the AXmethy!
tolerance range of the basic version of PRAWN as relatedawup of a sample of*C-enriched methanolX = 140 Hz) by systematic
that of cwJCP scaled up by the inverse of the duty CyC|'éwcrementation of the total mixing time, i.e., the duration for which PRAWN

. . cycles are issued. Peak RF field amplitude corresponded nominaly td1z
factor of the sequence,#{ + 7.)/r,). This can be handy in (**C RF attenuation corresponded to 6.8 dB ardRF attenuation corre-

terms of convenience for SeFUPa althOUgh tletative Mis-  sponded to 15.8 dB), while pulse widths were 50us and pulse intervals,
match toleranced,, — w,Jw,) is identical to that for the cw were 200us. The coherence transfer spectra in forward and reverse moc
case at the samaverageRF field amplitude. Experimental (A = X, #C — 'H) correspond to the theoretical coherence transfer functior
demonstration of the mismatch behavior is shown in Fig. % the AX; system:

It may be noted further that unlike cw irradiation, and 2 — % cogmdt) — } cod \/3mIt) — § cog2mt).

tYP'Ca”y for a perIOdIC pulse sequence, PRAWN eXhlbltﬁote that the CT spectrum in cyclic mode (%> A, saturate %, A — X)
sideband responses, which may be put to use. corresponds to the square of this function. CT spectral amplitudes—ar
To characterize further the behavior of PRAWN in comfrequencies—are modified by Hartmann—Hahn mismatch. It may be noted th
parison to cwJCP, we present in Fig. 4a the Antiop&2j in addition to providing complete information concerning the amplitudes,
simulation of the operation of the sequence applied (pﬁases, and frequencies of coherence transfer, linewidths of signals in t

r nan with 20% RF dut le t heteronucl coherence transfer spectrum give an accurate measure of the relevant rel
esonance a 0 uly cycie to a heteronuc eﬁron rates in the rotating frame. Should the details of CT for the individua

spin AX system (J = 200 Hz). The parameters WEmultiplet components not be of interest, one could in principle convenientl
employed for the simulation closely relate to the typicalcquire the CT spectrum in 1D mode by sampling during the windows of th
experimental situation and are listed in the figure captioRRAWN cycle. The experiments were run on a Bruker DSX 400 system
The'H RF amplitude of the mixing pulses was incrementeﬁnploymg a homebuilt single-coil insert (doubly tuned¥ and*H) plugged

. . . into the standard microimaging probehead. Spectrum is displayed in magnitu
in 41 steps from 0.2 to 1.8 kHz to generate the SImu"rjltl(mode; 128, increments, zero-filled to 512 points; spectral width 800 Hz.

stack plot, the”C RF amplitude of the mixing pulses beinggn spins were irradiated on resonance. Note the three coherence trans
held constant at 1 kHz. Figure 4b displays the performantequencies, as predicted for an AXystem.
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guence, which has been employed by Kemnd Freeman
(14) for selective homonuclear Hartmann—Hahn transfer
Double selective homonuclear Hartmann—Hahn transfer en
ploying amplitude modulation has also been reported b
Bodenhauserrt al. (15), while the relation of a pulse train
to cw irradiation has been discussed by Kessteal. (16) in
the context of separating TOCSY from ROESY effects in
homonuclear spin systems.

THE HARTMANN-HAHN MISMATCH
COMPENSATED VERSION

The basic PRAWN sequence permits tuning of its behay
ior by simple means, including the insertion afpulses at

strategic locations. Consider, for instance, the situation re
sulting from the application of a simultaneous pair »f
pulses in phase quadrature to the basic PRAWN pulse trai

FIG. 3. Signal amplitude obtained with PRAWN in forward mode onMidway through th(_‘:‘ mixmg period covered by t.WO cycles of
sodium [2%*Clacetate § = 128 Hz), as a function of proton attenuatorthe sequence. This version of PRAWN, which we term

setting, varied from 13.0 to 25.0 dB-(L678 to 421 Hz peak RF amplitude), in PRAWN-7, exhibits a pronounced tolerance to Hartmann-

1.0-dB steps. Carbon attenuator was set to 10.0 dB, corresponding nomingildhn mismatch. as demonstrated by the experimental Spe
to 1 kHz peak RF amplitude (note that the homebuilt probehead insert used{fé of Fia. 5 '
£ g. o.

this and subsequent figures is different from the one used for Fig. 2). Bo . .
spins were irradiated on resonance with an 18-segment PRAWN pulse trainTO model the effect of mismatch, we first treat the on-

whose pulse widths were 505 and pulse intervals 2Q@s, constituting a total resonance cw case, but include a Hartmann—Hahn mismat

mixing period of 4.5 ms. contributionA to the Hamiltonian in the synchronized doubly
rotating frame (SDRF), mismatch being related to the differ
ence of RF field amplitudes,, and w5

of cw JCP under related conditions, using®€ mixing RF
amplitude of 200 Hz; the'H mixing RF amplitude was

incremented in 41 steps from 0.04 kHz to 0.36 kHz in this H=aJ((I,S +1,S) + k(I,— S)) (6]
case. These values are equivalent to the average RF ampli-

tudes employed in the PRAWN simulation of Fig. 4a. The k = i; A= oy, — o 7]
simulations establish the close correspondence on reso- 2m)

nance, predicted on the basis of the average Hamiltonian

analygls; further, the predicted ampl|f|c§t|on of wigsolute For purposes of later comparison, we recall that the releva
cw mismatch tolerance range by the inverse of the dli%;

le f . ified for the basic PRAWN mmetric component of the density operator is conserve
cycle actpr 'S verified for the basic , sequence, N ger this Hamiltonian, while the corresponding antisymmetri
relative mismatch tolerance range with respect to the ave

<omponent evolves in time:
age RF field amplitude being identical for the two cases as P

expected.
We point out that the operation of a simple train of Ht
identical pulses in effecting heteronucleBZP was noticed (it 8)———(k+S)
earlier (L3) but not explored further systematically. In the _ ,
limit of small flip angles, the basic PRAWN sequence may (I,—S) Ht  (4k®+c) (I,—S)
be viewed as the heteronuclear analog of the DANTE se- X / (4k*+ 1) %

FIG. 4. (a) Antiope simulation of a CH system (on resonarkte; 200 Hz) subjected to the PRAWN sequence. A proton 9&°pulse of amplitude 10
kHz and duration 2f.s was followed by a PRAWN train on both spins, the train consisting of 20 repetitions of arpL@Se of RF amplitude 1 kHz and duration
50 us, followed by an interval of 20Qs on the**C channel; on théH channel, the same parameters were employed, except that the RF amplitude (and there
the flip angle) was varied on successive runs, in 41 equally spaced steps from 200 to 1800 Hz. The simulations were performed on a Pentium 166 N
with Version 1.44 of the software. The stack plot displays the amplitude of the cgnbagnetization. (b) Antiope simulation of the CH system of (a), irradiatec
cw. All sequence parameters were the same as for (a), except that the cw irradiation, of duration 5 ms, had a fixed amplitude of 206°&zbarthel, while
the *'H channel amplitude was varied on successive runs, in 41 equally spaced steps from 40 to 360 Hz.
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For the evolution of the corresponding antisymmetric compo
nent, we have

(CP)X, t/2 (4k2 + C,)
(Ix_ Sx) (4k2+ 1) (Ix_ S<)

4k(1—1c))
taern WSS

/

+W (LS = 1,5)

m(1,9) (4k2 + ¢')
- (4k2+ 1) (lx_ Sx)

4k(1—-c)) | |
MM&M Tae+n WS TS
FIG. 5. Signal amplitude obtained with PRAWMN-in forward mode on 25
sodium [2*°CJacetate, as a function of proton attenuator setting, varied from - W (l ySz - |zSy)
13.0 to 25.0 dB in 1.0-dB steps. The pulse width was 50Qus; all other
parameters as in caption to Fig. 3. (Ch),, t/2 (4k? + ¢')? 52
[_ @2+ 1)° T (@KkZ+ 1)
" | 43*(1—c’')? (.—s)+
4k(1 —c a2 - v2 | UxT T
Bl ds (4k*+ 1)
+ (4k2 + 1) (IySy+ IzSz)
_ (16k* — 8k*+ 16k*c’ + ¢)
2s T (16k*+8k2+1)
+W(Iysz_ 1.S). [8]

X(y—S)+---. [11]

The transformation of, under the Hamiltonian of Eq. [6] is We thus find for the transformation of under the mismatch
thus given by 17) compensated sequence:

t (1 + 32k*+ 16k%c’ + c)
A a+skiro  (1-o I T (iek + 8ki+ 1)

2K(1 - ©) T o(aeki+ ki1 >t 12
+m(|y8y+ |ZSZ)

The trigonometric coefficients that occur in Eqgs. [8] to [12] are

S defined as follows:
+W(Iysz_lzsy)- [9]
c = codmJ(4k? + 1)Y?%); s= sin(wJ(4k? + 1)Y?);
As against this behavior, we may compute the evolution of the’ — cos( o £(4k2 +1) 1/2t)_ [13]
relevant density matrix components under the mismatch com- 2

pensated sequence described earlier. We note first that for the
transformation of the relevant symmetric density operator com-The mismatch compensated sequence thus clearly leads
ponent under this sequence, we have, owing to the action of ##® frequencies of evolution of the magnetization, one corre
 pulse pair, sponding to the normal frequency of Eq. [9] and another at ha
this value, the amplitude at this latter frequency vanishing &
zero mismatch. The sequence brings about its compensati
t effect by “rephasing” the terms corresponding to in-phase an
(Ii+S) ———(I+ S). [10] anti-phase antisymmetric components of the density operatc
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as seen from Eq. [10]. Mismatch compensation by#thmilses
is 100% effective fok upto2, declining to 64% fok = 1; the

105

Taking note of the relevant commutator algebra, we find for th
integrated equation of motion &f

PRAWN-m7 mode of operation amplifies this range as discussed

earlier.

J CROSS-POLARIZATION UNDER OFF-RESONANCE
CONDITIONS

Finally, we consider the general off-resonance case, wi
resonance offse® We recall that the Hamiltonian df cross-
polarization in this case takes the following well-known form

(1+ 8k?+ c,)

- (1-1cy
2(4k% + 1)

=t QK+ 1) >

P

2k(1 — c,)
| T s $STLS)
ith
Sz

+w(|x5\/— 1,S). [17]

S

in the doubly rotating frame (DRF) and tilted doubly rotating

frame (TDRF) 6):

HDRF: 8|Iz+ BSSZ+ w1|lx+ wlSS( + ZWJIZSZ
Hrore= Hy = THT ™
= expif,l,)exp(ifsS,)) H exp(—i6sS)exp(—iol,)

J.

W,

. [14]

X (tane =

For the Hamiltonian in the synchronized, tilted doubly rotating

frame, we havef)

Hsrore = exﬁ<_i2 (Q,+ Q9(, + Sz)t>

X Hy exp<i2 Q, + Q9, + Sz)t>

— 10 - 090, S)
+ 2mJ3(CyCyl .S, + 3 SuSes( 1S+ 1,S));

=H,+H,
Q= (0i+8)Y?
Hy = mJsy s (LS + 1,S) + k(l, = S)T;
213y Sye

HII = 2m] C0|C95| ZSZ' [15]

The last form, involving partitioning into two commuting
terms, is valid only for the two-spihsystem.

The total angular momentum component along the effecti
field direction is conserved under this Hamiltonian, which
now write without the subscripts:

[H, I, +S]=[LS+1,S,1,+S]=0. [16]

Note that Eq. [17] is identical in form to Eq. [9]: the antisym-
metric (I, — S,) term in the STDRF commutes with,. Note
further that Eq. [17] includes three observalespin terms,
upon taking into account the reverse synchronization and ti
transformationss,, 1,S,, andl,S,.

On the other hand, we find fdr, the transformation

Iy — CiCsly + 2¢:851,S,

25,Cq
+ W (kly - IZS),)

(45-ns)

Equation [18] includes in turn three further “observatfiespin
terms (but see belowg,, 1,S,, andl.S,.

In the above, the frequencies denoted with the subscripts
2 and 3 arise respectively from the Hamiltonian tefrhsH,
andH,. The various trigonometric coefficients that occur in
Egs. [17] and [18] correspond to

E(J
=coy 7

1
1S KIS

48,5,

Tk [18]

SpSp(4k? + 1) Mt)

2
) J
s, = sm( ™5 Sy Sp(4k? + 1) 1’2t>
C, = cog IS, S, (4k? + 1)Y%)
S, = sin(mJs, S, (4k? + 1) ¥'2)
Cs = C0927JICyCod); Sz = SIN(27ICy Cocl). [19]

ve

we .
‘?akmg into account the reverse transformations correspon

ing to synchronization and tilt, and neglecting as unobsery
able the signal contributions from Eq. [18] invoking dephas:
ing under RF field inhomogeneitie$,(6), we now arrive
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FIG. 6. (a) Signal amplitude obtained with PRAWN in forward mode on sodiuniacetate, as a function H resonance offset. The carbon spin was
irradiated on resonance (9685 H2ZM resonance offset was stepped through resonance (29747 Hz), from 29552 to 30002 Hz in 30-Hz steps. The c
attenuator was set to 10 dB and the proton attenuator to 17.5 dB, corresponding nominally to 1 kHz peak RF amplitude on each channel. All other pa
as in caption to Fig. 3. (b) Signal amplitude obtained with PRAWM: forward mode on sodium [2Clacetate, as a function off resonance offset, stepped
through resonance (29747 Hz) from 29552 to 30002 Hz in 30-Hz steps. The carbon spin was irradiated on resonaruals&hveidth was 50Qs; all other
parameters as in (a).

finally at the following expression for th& spin signal DISCUSSION
intensity S:
In operation, we have employed both versions of PRAWN
sin O sin 6, with satisfactory results on AX, AX and AX; spin systems
S~ 24K+ 1) (1—-1c,S, with *J.,, in the range 120-165 Hz, and on an AXystem
with 2Jc, = 2.3 Hz, as well as on elastomers and on plamts
2k cos 6 sin? 6, vivo. In the cases with transfer mediated by one-bond cot
(ki + 1) (1-c)lS plings, we typically cover the mixing period with one PRAWN
cycle, pulsing at the rate of 4 to 10 kHz; for the version with
sin? 6, the 7r pulse pair, it then proves quite satisfactory to locate th
- (4kZ+1)V? Sal 25 [20] pulse pair midway through the cycle. We have to date foun

the sequences to work reliably on both single-coil and two-col
5- and 10-mm probeheads, as well as on 25-mm resonato
e25—cm resonators, and a quadrature head &di/$urface coil
(1§8) system. The merits of the PRAWN family of sequence:
are their ease of implementation, their insensitivity to mis:
match of the contact pulse amplitudes, and their efficienc
even at extremely low duty cycles.

It follows from the form ofH, in Eq. [15] that thew pulse
pair has the same mismatch compensating effect in this cas
that we have for thé decoupleds spin signal arising from the
mismatch compensated sequence (of duratjoin the off-
resonance case:

(1 + 16k2 - 16k201 - Cz)
~ 2(16k* + 8kZ+ 1)

sin s sin 6. [21] ACKNOWLEDGMENTS
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