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The radiation damping field induced by an intense NMR line
an be counterbalanced by a DANTE sequence of small flip angle
ulses of opposite phase applied during the free induction decay.
he transient NMR signal is acquired, one complex data point at
time, in the intervals between these DANTE pulses. As the

ntense signal decays, reducing the radiation damping field, the
ip angles of the DANTE pulses are reduced at a matching rate.
n experimental test on an aqueous solution of D-glucose demon-

trates a reduction in linewidth at half height from 13.5 to 0.8 Hz,
evealing a weak doublet response previously hidden under the
road water line. © 1999 Academic Press

Key Words: DANTE; glucose; high resolution NMR; radiation
amping; water.

The phenomenon of radiation damping, first describe
loembergen and Pound (1), is the source of several potent
roblems in high-resolution spectra of liquids when the sam
as a high spin density, the polarizing field (B0) is high, and

he receiver coil has a high filling factor (j) and quality facto
Q). Under such circumstances the NMR signal induced o
eceiver coil generates a nonnegligible current, and the re
ng magnetic “reaction” field tips the nuclear magnetiza
oward the1z axis, thus competing with relaxation and acc
rating the decay of the free precession signal. The effe
articularly pronounced when water is present (2), for this is
10 M in protons, unless heavy water is used. It can

nsidious consequences in multipulse experiments, ca
orced nutationin what would otherwise be periods offree
recession.Radiation damping is also one of two poss
ources of spurious correlation peaks in two-dimensional s
roscopy (3). Acceleration of the decay of the transient NM
ignal through radiation damping translates into a bro
esonance response for the intense line. This often ma
ard to detect weak signals in the skirts of a tall, broad so
ignal such as water, and renders integration particularly
cult because the baseline is affected over an apprec
requency range. When several adjacent lines are perturb
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adiation damping, the consequences are more complic
nvolving phase shifts (4, 5) and spurious additional resonan
5). Radiation damping also plays havoc with measuremen
pin–lattice relaxation times, because a 180° inversion p
nevitably induces a small transverse NMR signal (thro
ulse imperfections or circuit noise) which generates a ra

ncreasing radiation damping signal in an escalating pro
6–8).

These problems have prompted several groups to d
ethods for suppressing radiation damping. Electronic n

ive feedback is one solution (8, 9), Q-switching is anothe
pproach (10, 11), and pulsed bipolar field gradients ha
ecently been applied to the problem (12–14). (The intriguing
dea of detecting the NMR signal in an open series-reso
ircuit so that no radiofrequency current flows (15) does not ye
ppear to have been implemented.) Note that these solu
equire modifications to the radiofrequency hardware, or
se of pulsed field gradient equipment. They also ten
egrade the sensitivity of the spectrometer by reducing
uality factor of the coil or by seriously limiting the receiv
uty cycle. The simple remedy of grossly mistuning the
eiver coil suffers the same drawback. We examine he
ethod based on manipulation of the nuclear magnetiz

ector, requiring only software modification, with no alt
tions to the probe, and no significant loss of spectrom
ensitivity.
The basic idea is very simple. Suppose we excite the
ith a hard radiofrequency pulse in the usual manner,
uppose that the solvent line is so intense that radiation d
ng is appreciable. As the radiation damping field start
otate the solvent magnetization vector about the2x axis, we
pply a DANTE sequence (16) of hard pulses of small fli
ngle to nudge the solvent magnetization back again by m
f a series of tiny rotations about the1x axis. It is well known

hat a DANTE sequence behaves like a soft radiofrequ
ulse, so that with a suitably long duration it only affects
olvent resonance. The DANTE pulse phase must be s
ppose the phase of the radiation damping field. Once
djustments have been made, the stability of the spectro
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eld/frequency ratio is sufficient to sustain them. As the N
ignal decays through spin–spin relaxation and field inho
eneity, causing a corresponding decay of the induced r

ion damping field, the flip angle of the DANTE pulses
educed at a matching rate. This maintains a delicate ba
etween the continuous torque caused by the radiation d

ng field and the (opposed) intermittent torques generate
he pulses. If the flip angle of the initial hard excitation pu
s rather less than 90°, then the compensation is stable.

The key to the implementation of this strategy is to acq
he NMR signal, one complex data point at a time, in
indows between the DANTE pulses (17, 18). The time evo

ution of the signal is shown schematically in Fig. 1; the ac
igzag trajectory closely approximates the ideal slow deca
signal in the absence of radiation damping. Note that th

ot a solvent suppression scheme; the initial amplitude o
ime-domain signal is unchanged. The solvent resonanc
omes narrower and much taller. Signals only a few hertz
he solvent frequency remain essentially unaffected by
ANTE pulses.
The sequence of operations is similar to one employed

arlier investigation of signals detected during a shaped
ulse (18). The software program is straightforward except
ne minor complication. Relatively high pulse repetition ra
re required if the Nyquist sampling condition is to be satis

or large spectral widths. A problem then arises from
ecessity for matching the decay of the radiation dam
ignal by decreasing the DANTE flip angles according
ecaying exponential. At high pulse repetition rates, the
are loop written to control interleaved pulses and si
cquisition would need to run faster than the correspon

FIG. 1. Schematic diagram of the time evolution of the transverse
ANTE pulses of steadily decreasing flip angle. The receiver duty cycl
o-
ia-
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ommands can be generated, and the FIFO (first in, first
uffer would be emptied too quickly. This was remedied
esting within the software loop a small number of cy
N # 4) of a “hardware loop” (a repeated sequence of o
tions in which the parameters were all held constant). In
anner the DANTE pulse flip angle is only decremented e
cycles, but this slight coarsening of the digitization step

he exponential curve proved to have no significant adv
ffect.
As the DANTE pulse flip angle decreases with time

ompensating delay ensures that the sampling operatio
ains uniform in time. Accuracy of timing proved to be v

mportant for obtaining artifact-free spectra. With this mod
ation, sampling rates in excess of 8 kHz were rea
chieved. The receiver duty cycle was held constant at
lthough other experiments indicated that a duty cycle as
s 0.9 is quite feasible. This ensures that the sensitivity
ortional to the square root of the receiver duty cycle) was
ppreciably degraded.
The setting-up procedure proved to be quite straightforw

n exponential time constant of 0.5 s was found empirical
atch the decay of the water signal (in the absence of rad
amping). The only other adjustable parameter is the tran

er frequency, set roughly by centering on the broad w
esonance, and then finely tuned by trial and error to gi
ater resonance with the narrowest linewidth and the

ineshape. In this application the widths near the base o
esonance line (measured at 0.55% and 0.11% of the
eight) are rather more important that the width at half-he
The idea was tested on a Varian INOVA 500 MHz sp

rometer (in Palo Alto) operated remotely (from Cambrid

R signal of water, showing compensation for the effects of radiation da
mains high and constant throughout.
NM
e re
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116 COMMUNICATIONS
sing the “X-windows” facility. We examined the proton r
nance spectrum of an approximately 75 mM solution o
quilibrium mixture ofa and b D-glucose in 50% H2O/D2O.
he proton resonance of water was broadened to 13.

hrough radiation damping. At the chosen probe temperatu

FIG. 2. Narrowing of the residual HDO line from a width of 13.5 Hz
alf-height (a) to 0.8 Hz (b) by compensation of the radiation damping
ith a DANTE sequence.

FIG. 3. Part of the 500 MHz proton spectrum ofD-glucose in D2O with a
DANTE sequence (32 scans). Baseline correction was employed in (b

oublet from the anomeric proton of theb isomer.
n

z
of

5.5°C, the 8.0 Hz doublet from the anomeric proton ofb-D-
lucose lies under the skirts of the radiation-damped w
esonance and thus provides a stringent test to see wheth
roposed technique can narrow the water line sufficient
xpose this doublet response.
A nonspinning sample was used and the initial hard p

ip angle was 45°. The flip angle of the DANTE pulses w
rogrammed to decrease exponentially in steps of 12.5 ns
maximum at the beginning of the sequence to a minimu

00 ns at the end of the compensation sequence. This lim
nly reached near the tail of the free induction decay, w
adiation damping was already weak and compensation w
onger necessary. Then the DANTE pulses were extinguis
ut the receiver duty cycle remained unchanged so as n

ntroduce a step in the signal intensity. Even quite s
istortions of the time-domain signal are unwelcome when
olvent resonance is so intense. The usual precautions
aken to avoid the introduction of digitization noise.

Compensation reduced the water linewidth at half-heigh
ore than an order of magnitude (Figs. 2 and 3). (An e

arger effect was observed for a sample that contained

2O, reducing the width at half-height from 41 Hz to 0.8 H
or the purpose of retrieving signals in the skirts of the w

ine the important parameters are the linewidths near the

d

TABLE 1
Narrowing of the Residual Water Resonance by Compensating

the Radiation Damping Field

Linewidth Before After

At 50% 13.5 Hz 0.8 Hz
At 0.55% 182 Hz 10.6 Hz
At 0.11% .500 Hza 20.1 Hz

a Ill-defined for such a broad response.

d H2O (a) with radiation damping (16 scans) and (b) after compensation
ut was not feasible in (a). Note the appearance in (b) of the previously
dde
) b
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f the resonance (Table 1). In principle, only resonances
ithin the effective bandwidth of the DANTE pulses (abou
z) would fail to be detected by this compensation sche
he center of the 8 Hz doublet of the anomeric proton
-D-glucose lies 14 Hz from the center of the water respo
nd after compensation, this doublet becomes clearly vis
he remainder of the spectrum is essentially unaffected. H
ver, artifacts in the skirts of the water resonance generat
esidual spectrometer instabilities, together with any sideb
rising from spurious modulation, become more apparent w
ot broadened by radiation damping. This experiment serv
sensitive test for any shortcomings of the spectrometer
A much simpler pulse program can be used in situat
hen signal acquisition is not required. For example, in ce
ircumstances it may be advantageous toenhanceradiation
amping (9) by applying a sequence of DANTE pulsesin
hasewith the radiation damping field. This could be useful
voiding the dynamic range problem by delaying acquis
ntil the intense water signal has decayed to a low le

hrough radiation damping assisted by DANTE pulses. Pre
nary experiments indicate that a delay of as little as 5 m
ufficient to reduce the water signal to a level below that o
nomeric proton doublet fromb-D-glucose. However, the r
ulting frequency-dependent phase shift needs to be com
ated by linear prediction of the missing initial section of
ime-domain signal. Furthermore, the suppression ra
chieved are not competitive with standard solvent suppre
chemes such as WATERGATE (19), partly because of
eak, long-lived component of the water response th
nhanced by the linear prediction program.
Radiation damping is now emerging as a serious proble

everal areas of NMR—in very-high-field spectrometers
robes with superconducting receiver coils (20) with quality

actors as high as 20,000, and in experiments with hype
arized noble gases, such as3He and129Xe (21). Compensatio
f radiation damping by a regular sequence of pulses of s
ip angle is demonstrated here experimentally. It appears
nstrumentally less demanding than schemes base
-switching or on negative feedback circuitry, and it does
egrade the spectrometer sensitivity to any significant ex
nother application is the suppression of radiation dam
uring the evolution period of a two-dimensional experim
g

e.
f
e,
le.

-
by
ds
en
as

s
in

n
l,
-

is
e

en-

s
on

is

in
n

o-

all
be
on
t

nt.
g
t,

ffering a simple alternative to the bipolar field gradi
ethod (12).
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