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In this work, we present a family of pulse sequences for selective
eteronuclear J cross-polarization (JCP), which we have devel-
ped especially for indirect 13C imaging using JCP, for example in
he CYCLCROP environment. The sequences are straightforward
o implement and operate reliably. Results of an average Hamil-
onian analysis are given for the basic sequence, which we term
RAWN (pulsed rotating frame transfer sequence with windows).
t is shown experimentally that the pulse sequence, which operates
fficiently with low RF duty cycles down to a few percent, has a
seful tolerance range to absolute Hartmann–Hahn mismatch and
enerates coherence transfer spectra in close correspondence with
he JCP average Hamiltonian. Computer simulation of the per-
ormance of the basic sequence on a heteronuclear spin-1

2 AX
ystem is also presented. The mismatch compensation of PRAWN
ay be markedly enhanced further by issuing a p pulse to each

pin halfway through the basic PRAWN train and in phase
uadrature to it. A simple analysis of this modified sequence,
RAWN-p, is given under conditions of mismatch and off-
esonance irradiation. © 1999 Academic Press

Key Words: indirect 13C imaging using CYCLCROP; selective
eteronuclear J cross-polarization; Hartmann–Hahn mismatch;
ulsed rotating frame transfer sequences with windows; density
atrix theory of mismatch compensation and off-resonance

ffects.

INTRODUCTION

We have been interested in the proton detected ind
maging of 13C in elastomers and in plantsin vivo, employing
he cyclic cross-polarization scheme, CYCLCROP (1). Our
pproach relies on introducing a13C-enriched species as tra

or the application in view (2, 3). In this context, we hav
eveloped a family of simple mixing sequences to effect
esired selectiveJ cross-polarization for such applicatio
ur pulse sequence family, which we term pulsed rota

rame transfer sequences with windows (PRAWN), may
sed with both single-coil and two-coil probeheads, per
peration with very low average RF field amplitudes of
rder of the coupling in question,J, and is robust in operatio
esides being tolerant to Hartmann–Hahn mismatch (4–10). In
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nstitute, CSIR, Adayaru, Chennai–600 020, Tamil Nadu, India.
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his report, we present the basic characteristics of PRA
ncluding a simple variant, PRAWN-p.

BASIC SEQUENCE

The basic PRAWN sequence consists simply of a seri
F pulses with constant pulse duration (tw), flip angle (u), and
hase (sayx), as well as constant pulse interval (ts), issued on
oth spins simultaneously. The sequence is depicted in F
The operation of the sequence may be readily understo

he basis of an average Hamiltonian analysis of a cyclen
ulses of the sequence satisfying the condition

nu 5 2p. [1]

e find on applying the standard treatment following E
nd Waugh (11) that the zeroth-order average offset Hami
ian vanishes:

n~ts 1 tw!~I z!av 5 0. [2]

his result is independent of the sequence parameters, e
or the caseu 5 2p, for which we find:

~ts 1 tw!~I z!av 5 tsI z. [3]

learly, Eq. [3] takes the same form as Eq. [2] for the casts

0, which is equivalent to cw irradiation.
For the zeroth-order average coupling Hamiltonian, we

or I 5 1
2 5 S:

H# 5 pJ~I zSz 1 I ySy!. [4]

his form is once again independent of the sequence pa
ers, except for the two casesu 5 p andu 5 2p, for which we
nd

n~ts 1 tw!~I zSz!av 5 n
tw

2
~I zSz 1 I ySy! 1 ntsI zSz. [5]ch
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101SELECTIVE J CROSS-POLARIZATION
nce again, Eq. [5] takes the same form as Eq. [4] for the
s 5 0, which is equivalent to cw irradiation.

EXPERIMENTAL TESTS AND COMPUTER
SIMULATIONS

In its basic version, we normally employ PRAWN with
F amplitude of;500 Hz to 1 kHz and a duty cycle (tw/(tw 1

s)) of about 20% (corresponding to an average RF ampl
f 100–200 Hz), typically covering the mixing period with o
ycle of the sequence for transfer mediated by a1JC-H coupling.
he experimental coherence transfer spectrum of Fig. 2 cl
emonstrates the expected behavior.
At this level, PRAWN exhibits a useful tolerance range

bsolute Hartmann–Hahn mismatch, since there are
itely many solutions foru satisfying cyclicity, and in
articular the low flip angle solutions cluster closely
ether. Equivalently, one may view the absolute mism

olerance range of the basic version of PRAWN as relate
hat of cw JCP scaled up by the inverse of the duty cy
actor of the sequence, ((tw 1 ts)/tw). This can be handy i
erms of convenience for setup, although therelative mis-
atch tolerance (v1I 2 v1S/v1) is identical to that for the cw

ase at the sameaverageRF field amplitude. Experiment
emonstration of the mismatch behavior is shown in Fig

t may be noted further that unlike cw irradiation, a
ypically for a periodic pulse sequence, PRAWN exhi
ideband responses, which may be put to use.
To characterize further the behavior of PRAWN in co

arison to cwJCP, we present in Fig. 4a the Antiope (12)
imulation of the operation of the sequence applied
esonance with a 20% RF duty cycle to a heteronuc
pin-12 AX system (J 5 200 Hz). The parameters w
mployed for the simulation closely relate to the typ
xperimental situation and are listed in the figure cap
he 1H RF amplitude of the mixing pulses was incremen

n 41 steps from 0.2 to 1.8 kHz to generate the simula
tack plot, the13C RF amplitude of the mixing pulses bei
eld constant at 1 kHz. Figure 4b displays the performa

FIG. 1. Schematic of the pulsed rotating
 frame transfer sequence with windows (PRAWN).
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FIG. 2. Coherence transfer (CT) spectrum (F 1 projection) of the PRAWN
equence in forward mode (X3 3 A, 1H 3 13C) obtained on the AX3 methyl
roup of a sample of13C-enriched methanol (J 5 140 Hz) by systemati

ncrementation of the total mixing time, i.e., the duration for which PRA
ycles are issued. Peak RF field amplitude corresponded nominally to;1 kHz
13C RF attenuation corresponded to 6.8 dB and1H RF attenuation corre
ponded to 15.8 dB), while pulse widthstw were 50ms and pulse intervalsts

ere 200ms. The coherence transfer spectra in forward and reverse
A 3 X3,

13C3 1H) correspond to the theoretical coherence transfer fun
or the AX3 system:

5
8 2 1

4 cos~pJt! 2 1
4 cos~Î3pJt! 2 1

8 cos~2pJt!.

ote that the CT spectrum in cyclic mode (X3 3 A, saturate X3, A 3 X3)
orresponds to the square of this function. CT spectral amplitudes
requencies—are modified by Hartmann–Hahn mismatch. It may be note
n addition to providing complete information concerning the amplitu
hases, and frequencies of coherence transfer, linewidths of signals
oherence transfer spectrum give an accurate measure of the relevan
tion rates in the rotating frame. Should the details of CT for the indiv
ultiplet components not be of interest, one could in principle conveni
cquire the CT spectrum in 1D mode by sampling during the windows o
RAWN cycle. The experiments were run on a Bruker DSX 400 sys
mploying a homebuilt single-coil insert (doubly tuned to13C and1H) plugged

nto the standard microimaging probehead. Spectrum is displayed in mag
ode; 128t 1 increments, zero-filled to 512 points;F 1 spectral width 800 Hz
oth spins were irradiated on resonance. Note the three coherence t

requencies, as predicted for an AX3 system.
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102 CHANDRAKUMAR AND KIMMICH
f cw JCP under related conditions, using a13C mixing RF
mplitude of 200 Hz; the1H mixing RF amplitude wa

ncremented in 41 steps from 0.04 kHz to 0.36 kHz in
ase. These values are equivalent to the average RF a
udes employed in the PRAWN simulation of Fig. 4a. T
imulations establish the close correspondence on
ance, predicted on the basis of the average Hamilto
nalysis; further, the predicted amplification of theabsolute
w mismatch tolerance range by the inverse of the
ycle factor is verified for the basic PRAWN sequence,
elative mismatch tolerance range with respect to the a
ge RF field amplitude being identical for the two case
xpected.
We point out that the operation of a simple train

dentical pulses in effecting heteronuclearJCP was notice
arlier (13) but not explored further systematically. In t

imit of small flip angles, the basic PRAWN sequence m
e viewed as the heteronuclear analog of the DANTE

FIG. 4. (a) Antiope simulation of a CH system (on resonance,J 5 200
Hz and duration 25ms was followed by a PRAWN train on both spins, the
0 ms, followed by an interval of 200ms on the13C channel; on the1H channe

he flip angle) was varied on successive runs, in 41 equally spaced ste
ith Version 1.44 of the software. The stack plot displays the amplitude o
w. All sequence parameters were the same as for (a), except that the c
he 1H channel amplitude was varied on successive runs, in 41 equally

FIG. 3. Signal amplitude obtained with PRAWN in forward mode
odium [2-13C]acetate (J 5 128 Hz), as a function of proton attenua
etting, varied from 13.0 to 25.0 dB (;1678 to 421 Hz peak RF amplitude),
.0-dB steps. Carbon attenuator was set to 10.0 dB, corresponding nom

o 1 kHz peak RF amplitude (note that the homebuilt probehead insert us
his and subsequent figures is different from the one used for Fig. 2).
pins were irradiated on resonance with an 18-segment PRAWN pulse
hose pulse widths were 50ms and pulse intervals 200ms, constituting a tota
ixing period of 4.5 ms.
s
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uence, which has been employed by Kupcˇe and Freema
14) for selective homonuclear Hartmann–Hahn trans
ouble selective homonuclear Hartmann–Hahn transfer
loying amplitude modulation has also been reported
odenhausenet al. (15), while the relation of a pulse tra

o cw irradiation has been discussed by Kessleret al. (16) in
he context of separating TOCSY from ROESY effects
omonuclear spin systems.

THE HARTMANN–HAHN MISMATCH
COMPENSATED VERSION

The basic PRAWN sequence permits tuning of its be
or by simple means, including the insertion ofp pulses a
trategic locations. Consider, for instance, the situation
ulting from the application of a simultaneous pair op
ulses in phase quadrature to the basic PRAWN pulse
idway through the mixing period covered by two cycle

he sequence. This version of PRAWN, which we te
RAWN-p, exhibits a pronounced tolerance to Hartma
ahn mismatch, as demonstrated by the experimental

ra of Fig. 5.
To model the effect of mismatch, we first treat the

esonance cw case, but include a Hartmann–Hahn mism
ontributionD to the Hamiltonian in the synchronized dou
otating frame (SDRF), mismatch being related to the di
nce of RF field amplitudesv1I andv1S

H# 5 pJ~~I ySy 1 I zSz! 1 k~I x 2 Sx!! [6]

k 5
D

2pJ
; D 5 v1I 2 v1S. [7]

or purposes of later comparison, we recall that the rele
ymmetric component of the density operator is conse
nder this Hamiltonian, while the corresponding antisymm
omponent evolves in time:

~I x 1 Sx!O¡
H# t

~I x 1 Sx!

~I x 2 Sx!O¡
H# t ~4k2 1 c!

~4k2 1 1!
~I x 2 Sx!

subjected to the PRAWN sequence. A proton 90°2x pulse of amplitude 1
n consisting of 20 repetitions of an 18°y pulse of RF amplitude 1 kHz and durati
e same parameters were employed, except that the RF amplitude (and t
from 200 to 1800 Hz. The simulations were performed on a Pentium 1
e carbony magnetization. (b) Antiope simulation of the CH system of (a), irradi
radiation, of duration 5 ms, had a fixed amplitude of 200 Hz on the13C channel, while
ced steps from 40 to 360 Hz.

lly
for
th
ain
Hz)
trai
l, th
ps
f th
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spa



103SELECTIVE J CROSS-POLARIZATION



T is
t

A f th
r com
p or
t om
p of t
p

F po-
n

~

W h
c

T are
d

ds to
t rre-
s half
t g at
z ating
e and
a rator,

s from
1
p

104 CHANDRAKUMAR AND KIMMICH
1
4k~1 2 c!

~4k2 1 1!
~I ySy 1 I zSz!

1
2s

~4k2 1 1! 1/ 2 ~I ySz 2 I zSy!. [8]

he transformation ofI x under the Hamiltonian of Eq. [6]
hus given by (17)

I xO¡
H# t ~1 1 8k2 1 c!

2~4k2 1 1!
I x 1

~1 2 c!

2~4k2 1 1!
Sx

1
2k~1 2 c!

~4k2 1 1!
~I ySy 1 I zSz!

1
s

~4k2 1 1! 1/ 2 ~I ySz 2 I zSy!. [9]

s against this behavior, we may compute the evolution o
elevant density matrix components under the mismatch
ensated sequence described earlier. We note first that f

ransformation of the relevant symmetric density operator c
onent under this sequence, we have, owing to the action
pulse pair,

~I x 1 Sx!O¡
t

2~I x 1 Sx!. [10]

FIG. 5. Signal amplitude obtained with PRAWN-p in forward mode on
odium [2-13C]acetate, as a function of proton attenuator setting, varied
3.0 to 25.0 dB in 1.0-dB steps. Thep pulse width was 500ms; all other
arameters as in caption to Fig. 3.
e
-

the
-

he

or the evolution of the corresponding antisymmetric com
ent, we have

Ix 2 Sx!O¡

~CP!x, t/ 2 ~4k2 1 c9!

~4k2 1 1!
~I x 2 Sx!

1
4k~1 2 c9!

~4k2 1 1!
~I ySy 1 I zSz!

1
2s9

~4k2 1 1! 1/ 2 ~I ySz 2 I zSy!

O¡

py~I ,S!
2

~4k2 1 c9!

~4k2 1 1!
~I x 2 Sx!

1
4k~1 2 c9!

~4k2 1 1!
~I ySy 1 I zSz!

2
2s9

~4k2 1 1! 1/ 2 ~I ySz 2 I zSy!

O¡

~CP!x, t/ 2 F2
~4k2 1 c9! 2

~4k2 1 1! 2 1
s9 2

~4k2 1 1!

1
4k2~12 c9! 2

~4k2 1 1! 2 G ~I x 2 Sx! 1 · · ·

[ 2
~16k4 2 8k2 1 16k2c9 1 c!

~16k4 1 8k2 1 1!

3 ~Ix 2 Sx! 1 · · ·. [11]

e thus find for the transformation ofI x under the mismatc
ompensated sequence:

I xO¡
t

2
~1 1 32k4 1 16k2c9 1 c!

2~16k4 1 8k2 1 1!
I x

2
~1 1 16k2 2 16k2c9 2 c!

2~16k4 1 8k2 1 1!
Sx 1 · · ·. [12]

he trigonometric coefficients that occur in Eqs. [8] to [12]
efined as follows:

c 5 cos~pJ~4k2 1 1! 1/ 2t!; s 5 sin~pJ~4k2 1 1! 1/ 2t!;

c9 5 cosSp
J

2
~4k2 1 1! 1/ 2tD . [13]

The mismatch compensated sequence thus clearly lea
wo frequencies of evolution of the magnetization, one co
ponding to the normal frequency of Eq. [9] and another at
his value, the amplitude at this latter frequency vanishin
ero mismatch. The sequence brings about its compens
ffect by “rephasing” the terms corresponding to in-phase
nti-phase antisymmetric components of the density ope
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105SELECTIVE J CROSS-POLARIZATION
s seen from Eq. [10]. Mismatch compensation by thep pulses
s 100% effective fork upto1

2, declining to 64% fork 5 1; the
RAWN-p mode of operation amplifies this range as discu
arlier.

J CROSS-POLARIZATION UNDER OFF-RESONANCE
CONDITIONS

Finally, we consider the general off-resonance case,
esonance offsetsd. We recall that the Hamiltonian ofJ cross-
olarization in this case takes the following well-known for

n the doubly rotating frame (DRF) and tilted doubly rotat
rame (TDRF) (6):

HDRF 5 d II z 1 dSSz 1 v1II x 1 v1SSx 1 2pJIzSz

HTDRF ; HT 5 THT21

5 exp~iu II y!exp~iuSSy! H exp~2iuSSy!exp~2iu II y!

3 S tanu 5
v1

d D . [14]

or the Hamiltonian in the synchronized, tilted doubly rota
rame, we have (6)

HSTDRF5 expS2
i
2

~V I 1 VS!~I z 1 Sz!tD
3 HT expS i

2
~V I 1 VS!~I z 1 Sz!tD

5 1
2 ~V I 2 VS!~I z 2 Sz!

1 2pJ~cuI
cuS

I zSz 1 1
2 suI

suS
~I xSx 1 I ySy!!;

; H I 1 H II

~V 5 ~v 1
2 1 d 2! 1/ 2!

H I 5 pJsuI
suS

@~I xSx 1 I ySy! 1 k~I z 2 Sz!#;

k 5
~V I 2 VS!

2pJsuI
suS

H II 5 2pJcuI
cuS

I zSz. [15]

he last form, involving partitioning into two commutin
erms, is valid only for the two-spin-1

2 system.
The total angular momentum component along the effe

eld direction is conserved under this Hamiltonian, which
ow write without the subscripts:

@H, I z 1 Sz# 5 @I xSx 1 I ySy, I z 1 Sz# 5 0. [16]
d

th

e
e

aking note of the relevant commutator algebra, we find fo
ntegrated equation of motion ofI z

I z3
~1 1 8k2 1 c2!

2~4k2 1 1!
I z 1

~1 2 c2!

2~4k2 1 1!
Sz

1
2k~1 2 c2!

~4k2 1 1!
~I xSx 1 I ySy!

1
s2

~4k2 1 1! 1/ 2 ~I xSy 2 I ySx!. [17]

ote that Eq. [17] is identical in form to Eq. [9]: the antisy
etric (I z 2 Sz) term in the STDRF commutes withH II . Note

urther that Eq. [17] includes three observableS spin terms
pon taking into account the reverse synchronization an

ransformations:Sz, I xSx, and I xSy.
On the other hand, we find forI x the transformation

I x3 c1c3I x 1 2c1s3I ySz

1
2s1c3

~4k2 1 1! 1/ 2 ~kIy 2 I zSy!

1
4s1s3

~4k2 1 1! 1/ 2 S1

4
Sx 2 kIxSzD . [18]

quation [18] includes in turn three further “observable”Sspin
erms (but see below):Sx, I xSz, and I zSy.

In the above, the frequencies denoted with the subscrip
and 3 arise respectively from the Hamiltonian termsH I, H I

nd H II . The various trigonometric coefficients that occu
qs. [17] and [18] correspond to

c1 5 cosSp
J

2
suI

suS
~4k2 1 1! 1/ 2tD

s1 5 sinSp
J

2
suI

suS
~4k2 1 1! 1/ 2tD

c2 5 cos~pJsuI
suS

~4k2 1 1! 1/ 2t!

s2 5 sin~pJsuI
suS

~4k2 1 1! 1/ 2t!

c3 5 cos~2pJcuI
cuS

t!; s3 5 sin~2pJcuI
cuS

t!. @19#

aking into account the reverse transformations corresp
ng to synchronization and tilt, and neglecting as unobs
ble the signal contributions from Eq. [18] invoking deph

ng under RF field inhomogeneities (5, 6), we now arrive
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106 CHANDRAKUMAR AND KIMMICH
nally at the following expression for theS spin signa
ntensity S:

S ,
sin uS sin u I

2~4k2 1 1!
~1 2 c2!Sx

2
2k cosuS sin2 u I

~4k2 1 1!
~1 2 c2!I zSx

2
sin2 u I

~4k2 1 1! 1/ 2 s2I zSy. [20]

It follows from the form ofH I in Eq. [15] that thep pulse
air has the same mismatch compensating effect in this ca

hat we have for theI decoupledS spin signal arising from th
ismatch compensated sequence (of durationt) in the off-

esonance case:

S , 2
~1 1 16k2 2 16k2c1 2 c2!

2~16k4 1 8k2 1 1!
sin uS sin u I. [21]

he sequence thus compensates Hartmann–Hahn mis
hile retaining the signal dependence on resonance offs

erms of the tilt parameters. This appears to be an attra
haracteristic especially suited for the imaging application
iew, since in practice this implies retention of selectivity
olarization transfer, while compensating for mismatch,
luding effects of field drifts which are sensed in proportio
. The behavior of PRAWN and PRAWN-p as a function o
roton resonance offset is exhibited in Figs. 6a and 6b.

FIG. 6. (a) Signal amplitude obtained with PRAWN in forward mode
rradiated on resonance (9685 Hz).1H resonance offset was stepped thr
ttenuator was set to 10 dB and the proton attenuator to 17.5 dB, corre
s in caption to Fig. 3. (b) Signal amplitude obtained with PRAWN-p in forw

hrough resonance (29747 Hz) from 29552 to 30002 Hz in 30-Hz steps.
arameters as in (a).
, so

tch
in

ve
in

-

DISCUSSION

In operation, we have employed both versions of PRA
ith satisfactory results on AX, AX2, and AX3 spin system
ith 1JC-H in the range 120–165 Hz, and on an AX2 system
ith 2JC-H ' 2.3 Hz, as well as on elastomers and on planin
ivo. In the cases with transfer mediated by one-bond
lings, we typically cover the mixing period with one PRAW
ycle, pulsing at the rate of 4 to 10 kHz; for the version w
he p pulse pair, it then proves quite satisfactory to locate
ulse pair midway through the cycle. We have to date fo

he sequences to work reliably on both single-coil and two
- and 10-mm probeheads, as well as on 25-mm reson
5-cm resonators, and a quadrature head coil (1H)/surface coi

13C) system. The merits of the PRAWN family of sequen
re their ease of implementation, their insensitivity to m
atch of the contact pulse amplitudes, and their efficie
ven at extremely low duty cycles.
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