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Nuclear magnetic resonance spectrometer with a frequency range
extended below the megahertz region
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A conventional nuclear magnetic resonance~NMR! spectrometer with an original low-frequency
limit of 2 MHz and equipped with an electromagnet is rebuilt to allow performing NMR
experiments at resonance frequencies down to 100 kHz. The instrument is intended for accurate
field-dependent spin relaxation studies. The preamplifier and the duplexer are completely replaced
by new designs that provide low noise figure, large gain and fast recovery. The receiver, the
transmitter, and the magnet power supply are modified to operate at low frequency~receiver and
transmitter! and at low current~power supply!. The performance of the instrument is demonstrated
by 2H NMR experiments in the 500 kHz–2 MHz region and is compared to that of instruments
based on direct current-superconducting quantum interference device and operated on
room-temperature samples. ©2000 American Institute of Physics.@S0034-6748~00!02902-6#
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I. INTRODUCTION

While the main direction in the development of nucle
magnetic resonance~NMR! technology is unquestionably to
wards higher and higher magnetic field strengths, there
some ‘‘niche’’applications that operate, either by choice
by sheer necessity, at low magnetic fields and at corresp
ing low resonance frequencies. Low-field magnetic re
nance imaging,1,2 well logging,3,4 nuclear quadrupole reso
nance detection of explosives,5 and controlling food quality
by low-field NMR6 are examples with the common eleme
of 105– 106 Hz resonance frequency. Commercial NM
spectrometers usually cannot explore this frequency ra
and therefore the potential users must develop their o
spectroscopic tools, including all or most electronic comp
nents.

The motivation behind this study is also a niche appli
tion, frequency-dependent NMR relaxation.7–10This spectro-
scopic method is a well-developed tool for providing a d
tailed picture about the microstructure and molecu
dynamics in various colloidal systems. There are sev
techniques to obtain relaxation data in a wide freque
range. The first of those, field cycling,11,12 is certainly the
one with the widest available range of NMR frequenci
Unfortunately, the technique may severely suffer from so
shortcomings,13 such as poor field homogeneity~with the
corresponding low sensitivity!, insufficient temperature an
field stability, low reproducibility of relaxation measure
ments, and low accuracy if the longitudinal relaxation ra
approach the;millisecond region. Moreover, a field-cyclin
system is far from trivial to build14–16 ~note that at presen
there is one commercial source~Stelar, Italy! for field-

a!Author to whom correspondence should be addressed; electronic
ifuro@physchem.kth.se
4500034-6748/2000/71(2)/450/8/$17.00
r

re
r
d-
-

t

ge
n
-

-

-
r
al
y

.
e

s

cycling instruments!. For these reasons, quadrupolar spin
laxation of I .1/2 nuclei such as2H and23Na, has not been
frequently explored by field cycling.

On the other hand, quadrupolar spin relaxation oI
.1/2 nuclei has proved to be very informative in studyi
the microstructure and molecular dynamics of various co
plex fluids, such as micellar solutions, lyotropic liquid cry
tals, and protein solutions. One frequent advantage of q
drupolar spin relaxation is the relative simplicity of th
connected motional correlation functions, which simplifi
the analysis of the relaxation data.17 In the systems men
tioned earlier the most significant motional modes that ca
the observed spin relaxation are usually described with m
tional correlation timestc;1027– 1029 s. Hence, NMR re-
laxation in thev0;100 kHz– 100 MHz region~correspond-
ing to v0;1/tc! holds most of the information. On the othe
hand, various molecular mechanisms may often lead to
laxation dispersion profiles with rather similar shapes and
magnitudes. Then, distinguishing among various mod
leading to the experimentally observed frequency-depend
relaxation rates requires accurate spin relaxation data but
limited frequency range.10

While spin relaxation measurements down to a f
megahertz are readily available with commercial NMR sp
trometers, relaxation measurements at even lower NMR
quencies require home-built instruments with signal-to-no
ratio ~SNR! as large as possible and with a good long-tim
stability.18 The latter point is important at low frequencie
where measurements can take many hours. As concer
the basic electronic setup, one has two choices. First, su
conducting quantum interference device~SQUID!-based
spectrometers,19,20 that were shown to be superior at ve
low magnetic fields, could be adapted for field-depend
il:
© 2000 American Institute of Physics
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FIG. 1. Detailed schematics of the constructed three-stage rf preamplifier with an operating range of 0.1–5 MHz. The serial tank circuit is connectehrough
a duplexer~Fig. 3! to the first stage based on a cascode arrangement of low-noise bipolar transistors. The second and third stages use balanced
amplifiers.
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relaxation studies. They require, however, a cryogenic
cooled pickup coil21,22 that, for room-temperature sample
reduces the filling factor~and, correspondingly, the SNR! in
the NMR probe. Moreover, it has been shown that ove
certain threshold field~for 2H, around 0.1 T that correspond
to 650 kHz! the SNR in conventional-type NMR spectrom
eter is larger than that achievable by SQUID-bas
spectrometers.20

Hence, in many systems, such as in complex fluids,
tending the range of a conventional NMR spectrome
might be the best solution to obtain information about m
lecular structure and dynamics from spin relaxation.~One
potential advantage with this solution that more sophistica
pulse programs, mainly used for measuring spin relaxatio
anisotropic systems with nonzero static quadrup
splitting,17 are also readily available at low frequencie!
With many older spectrometers available at low price fro
second-hand equipment dealers, this is not necessaril
expensive option. On the other hand, the 100 kHz–1 M
frequency domain imposes technical difficulties since it is
the interface of two rather different regimes, i.e., audio a
radio frequency~rf! electronics. In this article, we prese
our suggestions to overcome these difficulties; the partic
spectrometer, that is going to be extended, is a Bru
MSL-90 equipped with an electromagnet. This spectrome
system has already been used for field-dependent relax
studies7,23,24 but only at frequencies>2 MHz. Most of the
points taken up in this study are not vendor specific; in ot
words, they must be dealt with starting from any type
conventional spectrometers. Partly, we present modificat
of some spectrometer parts with limited frequency ran
Some of these required changing only some componen
the original layout; the corresponding sections are illustra
only by block diagrams. On the other hand, some other p
ly
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had to be replaced completely. For those newly desig
parts, such as the preamplifier, the duplexer, and the filt
we provide complete schematics. Additionally, the se
uses a new, commercially available transmitter with so
minor modifications. The order of presentation does not f
low the sequence in which the presented parts are placed
spectrometer. Instead, we start with the most involved des
and proceed with the less complex ones thereafter.

During the course of this work, previous studies th
have dealt with low-frequency spectrometers2,4–6 but for
other areas of science were found useful. Conversely,
anticipate that some of the points elaborated in this art
may help constructing low-frequency NMR spectromet
for various applications.

II. THE PREAMPLIFIER

Most preamplifiers within NMR spectrometers are d
signed to perform well in the conventional rf frequen
range for NMR spectroscopy~10–1000 MHz, depending on
spectrometer type!. Consequently, they usually are far fro
optimal performance below 1 MHz. Since any loss of SNR
severely punished in terms of experimental time at low NM
frequencies, one must turn to other alternatives. The ea
option is to use commercially available preamplifiers, diffe
ent types of which are available from various vendors. Ty
cally, they cover several decades in frequency@direct current
~dc!–1 MHz# but we found that they are less suitable for o
NMR application. Most seriously, the recovery time after a
pulse is often very long and, sometimes, the noise facto
higher than desirable. For those reasons, we decided to b
a suitable preamplifier~Fig. 1!. We attempted to simulta
neously achieve~i! high sensitivity and low noise,~ii ! a good
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452 Rev. Sci. Instrum., Vol. 71, No. 2, February 2000 Sitnikov et al.
broadband performance, and~iii ! a fast recovery after a r
pulse. One obvious advantage with a custom-designed
plifier is that it can be fitted best into the NMR probearm;
minimize thermal noise and electromagnetic interference
preamplifier should be built as close to the tank circuit
possible.

The most critical points in designing the first stage is
correctly choose the transistor and the circuit topology. Fo
gain G1 of the first stage, the total noise factorF of a
preamplifier25 is primarily determined by the noise factorF1

of the first stage as

F5F11
F221

G1
1

F321

G2
1..., ~1!

whereFn andGn are the noise factors and gains of the su
sequent stages. Clearly, highG1 and smallF1 are required.
Beside source resistance~which is less controllable!, two im-
portant contributions to the noise factorF1 are the intrinsic
transistor noise and the noise factor that represents the lo
SNR via the insertion loss of the matching network~due to
finite Q of its components, mainly that of the transformer
Fig. 3!.

Which transistor is better to use then at the first sta
bipolar or field-effect transistor~FET!? The answer depend
on the source resistance. Although one can always trans
the source impedance into every optimum noise resistanc
large difference between source and noise resistances
result in a large insertion loss of the matching network. T
effect is more pronounced at lower frequencies~in connec-
tion to lowering theQ’s of the components!. Therefore, one
should choose bipolar transistor if the source resistanc
low and FET if that is high.26 Such a choice minimizes th
noise voltage for a bipolar transistor and the noise current
a FET and, moreover, also minimizes the insertion loss
the matching network. Hence, the choice of transistor
pends on the resonance circuit. The original probe archi
ture of our Bruker MSL spectrometer, that we wanted
preserve, favors a serial arrangement. The 50V on-
resonance impedance of a serial circuit can be ea
matched to the low noise resistance of a bipolar transis
Therefore, we opted for a BGF 520 W~Philips! that is often
used for the rf front end in cellular telephones, radar det
tors, etc.~For a parallel resonance circuit a FET is, of cour
more feasible. Conversely, FET-based preamplifiers coo
to low temperatures are best to be connected to parallel r
nance circuits.!27,28

A large gainG1 makes the circuit susceptible to oscill
tions. A high-gain, oscillation-free first stage requires a c
cuit topology with high reverse isolation: the cascode circ
~Fig. 1! is the most suitable choice and, furthermore, it offe
a larger bandwidth than a corresponding common-em
stage. To avoid coupling between input and output, a g
practical construction involves shielding the two transist
from each other as shown in Fig. 1. The input transisto
biased to give a low noise figure when driven by any sou
resistance from 50 to 200V. The voltage gain of the firs
stage in Fig. 1 is'100.

The noise reduction technique applied in the next t
stages of the preamplifier is to use balanced differential
m-
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plifiers. While such a design is not widespread at high f
quencies, it should be superior to conventional preampli
schemes at low frequencies. However, a large common m
rejection ratio~CMRR! is achieved only with a symmetrica
stage accomplished by matched monolithic dual transis
~MAT-01GH, Precision Monolithics Inc.! and accurately
balanced loads~see Fig. 1!. Two subsequent stages provid
double CMRR.

Negative feedback is used to adjust the gain and
bandwidth. The coupling transformers T2 and T3 are ins
the feedback loop which makes them linear in the pass ba
As another advantage, the large amount of voltage feedb
provided by this arrangement allows to extend the lo
frequency cutoff. However, the transformers in the feedb
loop also increase the risk for oscillations. Hence, a sta
operation requires to set the loop gain to a value at which
ripples and peaks are observed in the transfer function of
amplifier. The high-frequency cutoff is determined by the~i!
parasitic capacitances and~ii ! limitations of the selected fer
rite core. To increase the gain at high frequencies, ‘‘picku
capacitors~560 pF! were used between the emitters of t
MAT-01GHs.

The most critical point for the frequency response is
construction of the transformer T1 that is not included in t
feedback loop. We selected a wideband bifilar transform
with a ferrite core suitable for our frequency range~FT-50J,
Amidon Assoc.!. The transformer windings of 45 primar
and 2312 secondary provides sufficient impedance
achieve the desired low frequency cutoff. The design in F
1 was measured to provide 0.1–5 MHz~23 dB points! pass-
band. The overall gain of the preamplifier~set toAU'5000!
is adequate for most applications29 and it allows us to effec-
tively use the dynamic range of our receiver~see later!.

The dead time of the preamplifier depends on the sp
of dissipating the energy of the resistive-capacitive~RC! net-
works after the rf pulse.30 Many commercial preamplifiers
particularly those operated from dc, suffer from this effe
for as long as a millisecond. Since our preamplifier is d
signed for experiments at low frequency, we had to ap
large ~10–50 nF! values bypass and coupling~to establish
true alternating current grounds! capacitors. Those large ca
pacitors, of course, prolong the dead time and therefore t
capacitances were kept to as low as possible. To further
crease the dead time~i! crossed diodes were placed acro
the collector loads of the first two stages31 and~ii ! the power
supply rails were decoupled by low-Q capacitors~not shown
in Fig. 1!. Finally, a dead time of 5ms was achieved which is
much shorter than the ringing time of the tank circuit.

Very often the preamplifier noise performance is det
mined by the ground noise25 and not by the thermal noise o
its active components. In such a situation the filters and
grounded shields are ineffective. The two available solutio
are to establish a true ground reference point by either lift
the preamplifier ground to the equipment chassis or usin
balanced power system25 ~see, for example, those o
Equi5Tech, Inc.!. The first option is cheap and is based
the 5V resistor between the ground and emitter of the fi
transistor. Because 5V is much larger than the ground im
pedance between source and preamplifier grounds, it set
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FIG. 2. Detailed schematics of the output filter of the preamplifier. The values of capacitanceCx and inductanceLx were set in the different sets to provid
the appropriate central frequencies, see Table I. Different filter sets are selected manually by PIN switches.
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potential at the emitter of the first transistor to the ground
the signal source~that is free of ground noise after the tran
former of the matching circuit, Fig. 3!. Although this is a less
effective solution than using balanced power, it has su
ciently reduced our noise floor. Finally, the noise figure
the preamplifier in Fig. 1 has been measured to be'1.3 dB
over the passband.

Signal and noise are amplified together in a bandwi
defined by the filter attached to the preamplifier outp
There are two equally valid approaches for the filter des
between 100 kHz and 1 MHz, i.e., active and passive filte
Unfortunately, we failed, despite intensive attempts, to c
struct a suitable active filter with variable central frequen
and bandwidth for our target frequency range. Thus, sev
simple inductive-capacitive~IC! bandpass filters were bui
instead to cover the range of our resonance frequencies~Fig.
2!. Each filter, covering a particular narrow~see Table I!
band within the passband of the preamplifier, is activated
positive-intrinsic-negative~PIN! switches~see D1-D4!. The
filters also protect the receiver from overload32 by cutting the
rf amplitude with crossed diodes to the value determined
the Lx /Cx ratio ~the higher is the ratio the better is the pr
tection!. On the other hand, the insertion loss becomes in
erable for largeLx /Cx ratios. Hence, theLx /Cx ratio was

TABLE I. The component values and experimental parameters of the
filter shown in Fig. 2.

Central
frequency~MHz!

Bandwidth
~kHz!

Insertion loss
~dB!

InductanceLx

~mH!
CapacitanceCx

(pF)

0.5 80 21.6 330 300
0.7 120 21.5 200 270
1.0 180 21.0 156 180
1.5 200 20.9 133 82
2.0 300 20.8 100 71
f

-
f

h
t.
n
s.
-

y
al

y

y

l-

optimized for each band~see Table I! so that it allowed to
limit the rf amplitude to 10 mV. To provide 50V termina-
tion and appropriate gain over the required frequency ran
two monolithic amplifiers MAR-3SM~Mini-Circuits! were
used at both ends.

III. THE PROBE AND THE DUPLEXER

At low frequencies one has to choose between two s
able probe configurations: single solenoid and quadra
coils. The former requires good electric isolation of the p
amplifier input from the transmitter during the rf puls
which necessarily introduces an insertion loss that can s
the noise performance of the preamplifier. The latter p
vides a large~260 dB, the lower the frequency the better th
isolation! natural isolation and requires no additional prote
tion. On the other hand, the quadrature pair of coils in
geometry provided by an electromagnet should involve o
solenoid and one saddle coil that either requires extra tra
mitter power or provides a low signal receptivity. Moreove
fine mechanical tuning is a condition to achieve the desi
isolation. For these reasons and for convenience, we ch
instead a single solenoid coil with the original 10 mm c
diameter~the optimal diameter is certainly not less than th!
and 2.5 cm length. With maximum winding density~0.2 mm
copper wire! this choice provides an unloadedQ530 at 0.5
MHz. Although this coil geometry is less than optimal29,33–35

it proved to be sufficient~see Sec. VI!.
The probe-receiver interface is a duplexer~Fig. 3! that

couples the probe to the receiver and decouples~for protect-
ing the preamplifier! the receiver from the transmitter. Th
latter function is provided by pairs of crossed Zener-diod
D1-D8 BZX55-2.4 and diodes 1N4441~additionally, these
crossed diodes suppress eventual noise from the transm
see later!. A usual choice for coupling the probe to the r
ceiver is thel/4-wave network. High isolation, low inser

C
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FIG. 3. Detailed schematics of the constructed duplexer. The device protects the preamplifier, suppresses the ringing of the tank circuit, and deles the
ground noise from the preamplifier input.
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tion loss, and a good impedance matching require a higQ
network that is difficult to achieve at low frequencies. T
selected circuit shown in Fig. 3 has been customized a
Engle36 and, in addition to a low insertion loss~0.6 dB! and
a high isolation~36 dB!, it offers a broadband response.

During the receive time a current of about 17 mA bias
the PIN diodes D17-18 ‘‘on’’ which short cuts the seconda
winding of the transformer and presents a low-impeda
path for the signal.~Note that the depletion voltage of th
selected PIN diodes must be much smaller than the vol
arising from the transmitter pulse. In our case the forme
50 V. This requires that the transmitter power is.100 W.!
This current value is a compromise between two conflict
effects: increasing the current on the PIN diodes decre
the insertion loss but increases the switching time. The p
formance of the duplexer depends strongly on the tra
former characteristics. The 30 turns bifilar transformer w
constructed to have a broad enough passband and was w
on a ferrite toroid with core size suitable for our high
power ~FT-50J, Amidon Assoc.!. To any common-mode
noise currents the transformer has high impedance and th
fore the duplexer possesses an additional feature to sup
the ground noise.

During the transmit time the rf pulse is half-wave rec
fied and low-pass filtered by four pairs D9-16 of 1N44
diodes and the capacitor C1. Thus, a blanking pulse is
duced ~see Fig. 2! that effectively cuts off the transisto
2N5551 and removes the bias from the PIN diodes. A
result, the high impedance of the transformer reduces firs
pulse voltage that is then limited to 0.6 V by the cross
diodes. A good isolation requires high inductance of
transformer. Moreover, the blanking pulse has to be w
shaped. The time constant of the filter applied after rectify
must be long enough to keep the gating pulse smooth w
it has to be short enough~less then 300 ns that is the ris
time of the rf pulse at the highest operation frequency for t
duplexer which is 5 MHz! to switch on the blanking suffi-
er
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ciently quick. Moreover, the time constant also sets the a
plitude of the gating pulse high enough to provide 50
reverse bias for the particular diodes at which those are f
depleted. The power loss of the transmitter was less tha
dB at 600 W rf pulse power and the shape of the rf pulse
unchanged by the duplexer. The minimum and average
lations in the blanked mode are 32 and 36 dB, respectiv
in the 100 kHz–5 MHz band.

The ringdown of the tank circuit can be excessively lo
at low frequencies. There are two regimes to distinguish30

The first one is immediately after the rf pulse when t
crossed diodes D1-D8 conduct and the final stage of
transmitter is already blanked off. The time constant of
ringing in this regime is entirely determined by the unload
Q of the tank circuit. The second ringing mode when cross
diodes D20-D21 conduct is much longer than the first o
and thus requires particular attention. This ringing is b
reduced by an activeQ spoiler30 that drains off ringing at the
front stage of the preamplifier. For convenience, the circ
D22-D23 is activated by essentially the same pulse as u
for gating the duplexer~except that its ‘‘softness’’ can be
varied by capacitor C3 to avoid extra ringing caused by
blanking pulse itself!. The ringdown time we achieved with
this unit is less than 30ms at 500 kHz~see Fig. 4!.

Sweep-frequency measurement of the duplexer with
V termination estimates the insertion loss to less than 1
from 100 kHz to 5 MHz with 17 mA of bias applied to eac
diode. This rather large forward bias provides a very lo
~not measurable! harmonic distortion in the NMR signal. Th
contribution of PIN diodes to the preamplifier noise is ne
ligible.

IV. THE RECEIVER AND THE TRANSMITTER

Although it would perhaps be relatively easy to build
separate digital receiver~that is truly frequency independen!
for our low-frequency range, we did not consider this as
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option since we wanted to preserve the compact functiona
of the spectrometer. Moreover, the original Bruker MSL
ceiver is very broadband device~2–400 MHz! that combines
good transient response with the highest dynamic range
minimal distortions. It was therefore a realistic goal to e
pand the operating frequency range down to 0.1 MHz w
out spoiling the excellent original performance. The part
the receiver, that is responsible for shifting the phase of
reference frequency, operates at the fixed frequency o
MHz and is therefore entirely frequency independent. T
limits the necessary modifications to the dashed box in Fi
where the some components with strong frequency dep
dence in the,2 MHz region were replaced by frequenc
independent ones. First, new double balanced mixers~DBM2
in Fig. 5, SRA-6H, Mini-Circuits! were included instead o
the original ones in the quadrature detector. Second, ne
monolithic amplifiers~MAR, Mini-Circuits! replaced the old
ones at the ports of these mixers; care has to be take

FIG. 4. The rf input pulse~a!, the gating pulse~b! at the duplexer in Fig. 2.
Figure ~c! has been obtained at the preamplifier output and therefore
decay provides the total recovery characteristics of the system at 500
ty
-

th
-
-
f
e
0

s
5
n-

rf

to

adjust the gain~by fixed resistive attenuators! for supplying a
signal with proper level to the rf and local oscillator~LO!
ports. It is also important to have a proper wideband 50V
termination at every port of DBM2 which is provided by th
monolithic amplifiers. Without these precautions one obta
nonlinearity, distortions, and extra noise.

Adequate power, blanking capability, and wide fr
quency range determine the choice of the transmitter. In p
ticular, rapid and complete amplifier blanking is necessary
provide high electrical isolation from rf emission and the
mal noise. The necessary power range was defined by ha
the capacity to excite broad~10–50 kHz! NMR spectra.
Hence, we selected a commercially available transmi
~Amplifier Research 250L! that is supposed to deliver 750 W
pulse power into a 50V load in the frequency range 1
kHz–220 MHz and provides, when blanked, 90 dB isolatio
Experimentally, any extra noise originating from the amp
fier in the blanked state was smaller than noises appea
from other sources at the preamplifier input. To obtain
good pulse shape, the gating pulse must open the transm
a few microseconds before the pulse on the rf input; thus,
gating pulse has been supplied by the external trigger line
the spectrometer which also required the adequate modi
tions of all the applied pulse programs. Although the amp
fier is wideband, blanking it produces some low frequen
transients which were suppressed by a home-built high-p
~.300 kHz! filter.

V. THE POWER SUPPLY OF THE ELECTROMAGNET

Our electromagnet is equipped with a Bruker HS 9
VAR power supply~PS! operating in constant current26 ~CC!
mode that provides a current and field stability at high m
netic fields better than 1024. A flux stabilizer and NMR lock
system~operating on an auxiliary coil! increases the field
stability further by more than two orders of magnitude. Ho
ever, NMR experiments at low~,2 MHz! frequencies re-
quire low ~;0.1 T! fields even for nuclei with relatively low
magnetogyric ratios, such as2H, 23Na, and31P. Such low

e
z.
g
FIG. 5. Block diagram of the receiver of our Bruker MSL spectrometer. Extending its operating range to low~.0.1 MHz! frequencies was made by replacin
frequency-dependent elements in the dashed box with components of appropriate characteristics.
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fields are created by very low~,6 A! currents at which the
voltage drop across the power transistors becomes too h
Hence, the current of the PS is not stabilized. This prob
can be simply remedied by inserting a high-power resis
R0 into the current path~see Fig. 6! which decreases th
voltage drop on the power transistors and sets them into
mode even at low currents. The increased value of sh
resistor Rsh improves the regulation at low currents. Th
resistor has a temperature coefficient of 50 ppm to keep
field stable upon heating. With the improved current sta
ity, the flux stabilizer and the NMR lock remain effectiv
down to 0.01 T. Finally, high power relays are used to ma
ally switch between the two current regimes. To prev
damage caused by the current increasing uncontrollably
the rating value forR0 , a simple protection circuit~based on
a voltage sensor that switches a relay, not shown! was also
added.

VI. EXPERIMENTAL RESULTS

The performance of the modified spectrometer is de
onstrated by2H NMR spectra recorded at different freque
cies~Fig. 7!. The signal was obtained by a single 90° pul
from which the presented spectra were obtained by Fou
transformation without apodization. At 500 kHz one obta
SNR532 for the line with a half width of 5.5 Hz. The spec
tral broadening of about 4.5 Hz is due field inhomogeneity
'5 ppm. ~The best achievable homogeneity in the inves
gated frequency range is about 2 ppm.! The frequency de-
pendence of the SNR is strong, roughly as expected f
theory. The exception is at 500 kHz, where the SNR drop
a lower value than expected from the performance at hig
frequencies.

One can compare the SNR to that obtained at low
quencies by dc-SQUID-based devices in room-tempera
samples. Of the few experimental examples, the latest
most advanced one21,22 provided the estimated single-sca
~peak amplitude!-to-@root-mean-square~rms! noise# ratio of
about 2 in the1H NMR spectrum of 1 cm3 water at 400
kHz.22 To compare that to our result is somewhat comp
cated by the fact that those spectra are magnitude ones, w
our spectra are phase-sensitive absorption spectra. One
take into account the larger linewidth@500 Hz for the mag-
nitude spectra that corresponds to 300 Hz in phase-sens
linewidth, the SNR scales as (linewidth)21# and bandwidth

FIG. 6. The block diagram of the PS of the electromagnet~Bruker HS
90-VAR! with the changes to allow operating it in constant current mode
low ~,6 A! currents. High power relays switch between the two operat
modes.
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@50 kHz, the SNR scales as (bandwidth)21/2# in that study.
Moreover, the relative signal34 ~obtained at about the sam
Larmor frequency! scales asgI (I 11) which is a 2.25 factor
when comparing1H to 2H spectra. Finally, our observe
SNR must be scaled down to 400 kHz. Thus, one can ca
late that at 400 kHz the SQUID SNR is about a factor of tw
larger than the scaled~from the present data at 500 kHz!
SNR of our system. On the other hand, the SNRs of SQU
and our conventional NMR system are roughly the same
700 kHz. This fits well to the theory20 that expects the cross
over between SQUID-based and conventional SNRs
around this frequency for2H.

The application of the frequency-extended spectrome
to frequency-dependent spin relaxation studies is dem
strated in Figs. 8 and 9. The sample is a micellar solut
~28.8 wt %! of decylammonium chloride in water~deuterium

t
g

FIG. 7. 2H NMR spectra of 99% D2O ~'2 cm3 in a 10 mm outer diameter
tube! at room temperature recorded by single scans at 0.5~a!, 0.7 ~b!, and
1.0 MHz ~c!. The presented spectral window is 900 Hz broad. The SN
calculated as signal amplitude divided by the rms noise for 5 kHz fi
width, are 32~a!, 100 ~b!, and 156~c!.

FIG. 8. The result of a2H inversion recovery experiment performed at 0
MHz in a 28 wt % micellar solution of selectively deuterated decylamm
nium chloride at 55 °C.
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depleted!, with the surfactant selectively deuterated at
a-methylene group.37 Figure 8 presents a relaxation curv
obtained from the inversion recovery experiment on2H at
55 °C and at 500 kHz.~16 000 scans with 12 h experiment
time!. The obtained longitudinal relaxation rateR1

5126 s21 has an estimated 2s error of 64.5%. This accu-
racy is sufficient to show~Fig. 9! that a theoretical mode
that does not take account of the collective reorientation
micelles in a concentrated solution does not fit to experim
tal data.37 Note that this discrepancy would not have be
observed if only NMR frequencies>2 MHz were available.

VII. DISCUSSION

This work shows how to expand the frequency range
conventional NMR spectrometers to the 105 Hz range. The
various replacements and modifications presented here
vide a frequency range down to 100 kHz. The spectrom
part that currently limits us to 500 kHz is the original pul
modulator of the Bruker MSL-90 that provides too low pul
output below 500 kHz. If necessary, this problem can
easily solved.~Note that the 300 kHz limit of the high-pas
filter at the transmitter output was only a choice of conv
nience.! On the other hand, as demonstrated by Fig. 7 and
the comparison to the SQUID results,22 going much below
500 kHz is, in any case, rather impractical with conventio
NMR technology. If necessary, this drawback could
partly compensated in the 100–500 kHz region by a coi
larger diameter and a corresponding larger sample volum

If SQUID-based solutions are not desirable~such as in
our temperature-sensitive samples! this low-frequency limit
leaves only a small gap between conventional spin relaxa
experiments~>500 kHz! and ‘‘T1r’’-type techniques~,100
kHz!. Assuming that the well-known shortcomings
T1r-type experiments, most importantly excessive sam
heating, could be cured this development opens an alte
tive strategy to wide-range relaxation dispersion stud
without field cycling.

FIG. 9. The frequency dependence of the2H longitudinal relaxation rate of
selectively deuterated decylammonium chloride in a 28 wt % micellar s
tion at 55 °C~see Ref. 37!. One high-frequency transverse relaxation ra
~open symbol! is given as well. The continuous and dashed lines are
within the frame of a motional model that does not account for the collec
reorientation of the micellar aggregates in this concentrated solution.
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