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A conventional nuclear magnetic resonariBMR) 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 freq(reneiver and
transmittey and at low currentpower 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. @000 American Institute of Physid$S0034-6748)0)02902-4

I. INTRODUCTION cycling instruments For these reasons, quadrupolar spin re-

- H 23
While the main direction in the development of nuclearlaxa"Ion of|>1/2 nuclei such a8H and*Na, has not been

magnetic resonand®MR) technology is unquestionably to- reduently explored by field cycling. . _
wards higher and higher magnetic field strengths, there are On the other hand, quadrupolar spin relaxation | of
some “niche”applications that operate, either by choice or™ 1/2 nuclei has proved to be very informative in studying
by sheer necessity, at low magnetic fields and at correspondP€ microstructure and molecular dynamics of various com-
ing low resonance frequencies. Low-field magnetic resoplex fluids, such as micellar solutions, lyotropic liquid crys-
nance imagind;? well logging3* nuclear quadrupole reso- tals, and protein solutions. One frequent advantage of qua-
nance detection of explosivésind controlling food quality drupolar spin relaxation is the relative simplicity of the
by low-field NMR® are examples with the common element connected motional correlation functions, which simplifies
of 10°~1CPHz resonance frequency. Commercial NMR the analysis of the relaxation ddfaln the systems men-
spectrometers usually cannot explore this frequency ranggoned earlier the most significant motional modes that cause
and therefore the potential users must develop their owthe observed spin relaxation are usually described with mo-
spectroscopic tools, including all or most electronic compo-jonal correlation times,~10"’'—10"°s. Hence, NMR re-
nents. laxation in thewy~ 100 kHz—100 MHz regior{correspond-
The motivation behind this study is also a niche applicaemg| to wo~ 1/7.) holds most of the information. On the other
tion, frequency-dependent NMR relaxatibr This spectro- 214 various molecular mechanisms may often lead to re-

tsc_?pd'c metthod |sba v;/eltlgldevelppedt tootl for pro(;ndlngl a dle'laxation dispersion profiles with rather similar shapes and/or
alled - picture - abou € microstructure and molecu armagnitudes. Then, distinguishing among various models
dynamics in various colloidal systems. There are severa\l : .

. . . . : eading to the experimentally observed frequency-dependent
techniques to obtain relaxation data in a wide frequency . . . . :

. ! 1112 . relaxation rates requires accurate spin relaxation data but in a
range. The first of those, field cyclitgl? is certainly the limited f 10
one with the widest available range of NMR frequencies.'mI ed Irequency range.
Unfortunately, the technique may severely suffer from some ~ WWhile spin relaxation measurements down to a few
shortcomingd? such as poor field homogeneityith the megahertz are readily available with commercial NMR spec-
corresponding low sensitivily insufficient temperature and trometers, relaxation measurements at even lower NMR fre-
field stability, low reproducibility of relaxation measure- duencies require home-built instruments with signal-to-noise
ments, and low accuracy if the longitudinal relaxation rategatio (SNR) as large as possible and with a good long-time
approach the-millisecond region. Moreover, a field-cycling stability}® The latter point is important at low frequencies
system is far from trivial to builtf ¢ (note that at present where measurements can take many hours. As concerning
there is one commercial sourdételar, Italy for field-  the basic electronic setup, one has two choices. First, super-
conducting quantum interference devid&QUID)-based
,20 H

dAuthor to whom correspondence should be addressed; electronic maiﬁpectrometerg that were shown to be superior at very
ifuro@physchem.kth.se low magnetic fields, could be adapted for field-dependent
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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 boongieted t
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 differential
amplifiers.

relaxation studies. They require, however, a cryogenicalljhad to be replaced completely. For those newly designed
cooled pickup cofi?? that, for room-temperature samples, parts, such as the preamplifier, the duplexer, and the filters,
reduces the filling factofand, correspondingly, the SNIRh ~ we provide complete schematics. Additionally, the setup
the NMR probe. Moreover, it has been shown that over aises a new, commercially available transmitter with some
certain threshold fieldfor 2H, around 0.1 T that corresponds minor modifications. The order of presentation does not fol-
to 650 kH2 the SNR in conventional-type NMR spectrom- low the sequence in which the presented parts are placed in a
eter is larger than that achievable by SQUID-basedspectrometer. Instead, we start with the most involved design
spectrometerg and proceed with the less complex ones thereafter.

Hence, in many systems, such as in complex fluids, ex- During the course of this work, previous studies that
tending the range of a conventional NMR spectrometehave dealt with low-frequency spectrometéf® but for
might be the best solution to obtain information about mo-other areas of science were found useful. Conversely, we
lecular structure and dynamics from spin relaxatif@ne  anticipate that some of the points elaborated in this article
potential advantage with this solution that more sophisticatednay help constructing low-frequency NMR spectrometers
pulse programs, mainly used for measuring spin relaxation ifior various applications.
anisotropic systems with nonzero static quadrupole
splitting” are also readily available at low frequencies.

With many older spectrometers available at low price from;| t4E PREAMPLIEIER

second-hand equipment dealers, this is not necessarily an

expensive option. On the other hand, the 100 kHz—1 MHz  Most preamplifiers within NMR spectrometers are de-
frequency domain imposes technical difficulties since it is asigned to perform well in the conventional rf frequency
the interface of two rather different regimes, i.e., audio andange for NMR spectroscopyl0—1000 MHz, depending on
radio frequency(rf) electronics. In this article, we present spectrometer type Consequently, they usually are far from
our suggestions to overcome these difficulties; the particulaoptimal performance below 1 MHz. Since any loss of SNR is
spectrometer, that is going to be extended, is a Brukeseverely punished in terms of experimental time at low NMR
MSL-90 equipped with an electromagnet. This spectrometefrequencies, one must turn to other alternatives. The easiest
system has already been used for field-dependent relaxati@ption is to use commercially available preamplifiers, differ-
studie$?>?*but only at frequencies=2 MHz. Most of the  ent types of which are available from various vendors. Typi-
points taken up in this study are not vendor specific; in othecally, they cover several decades in frequefdiyect current
words, they must be dealt with starting from any type of(dc)—1 MHz] but we found that they are less suitable for our
conventional spectrometers. Partly, we present modificationMR application. Most seriously, the recovery time after a rf
of some spectrometer parts with limited frequency rangepulse is often very long and, sometimes, the noise factor is
Some of these required changing only some components imigher than desirable. For those reasons, we decided to build
the original layout; the corresponding sections are illustrate@ suitable preamplifie(Fig. 1). We attempted to simulta-
only by block diagrams. On the other hand, some other partseously achievé) high sensitivity and low noiséii) a good
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broadband performance, atiii) a fast recovery after a rf plifiers. While such a design is not widespread at high fre-
pulse. One obvious advantage with a custom-designed anguencies, it should be superior to conventional preamplifier
plifier is that it can be fitted best into the NMR probearm; to schemes at low frequencies. However, a large common mode
minimize thermal noise and electromagnetic interference theejection ratio(CMRR) is achieved only with a symmetrical
preamplifier should be built as close to the tank circuit asstage accomplished by matched monolithic dual transistors
possible. (MAT-01GH, Precision Monolithics Ing.and accurately

The most critical points in designing the first stage is tobalanced load¢see Fig. 1L Two subsequent stages provide
correctly choose the transistor and the circuit topology. For alouble CMRR.

gain G, of the first stage, the total noise factér of a Negative feedback is used to adjust the gain and the
preamplifief® is primarily determined by the noise factey  bandwidth. The coupling transformers T2 and T3 are inside
of the first stage as the feedback loop which makes them linear in the pass band.
B B As another advantage, the large amount of voltage feedback
F,—1 F3—1 . )
F=F,+ s + s +..., (1) provided by this arrangement allows to extend the low-
1 2

frequency cutoff. However, the transformers in the feedback

whereF,, andG,, are the noise factors and gains of the sub-loop also increase the risk for oscillations. Hence, a stable
sequent stages. Clearly, hi@y and smallF, are required. operation requires to set the loop gain to a value at which no
Beside source resistantghich is less controllab)etwo im- ripples and peaks are observed in the transfer function of the
portant contributions to the noise factey are the intrinsic  amplifier. The high-frequency cutoff is determined by the
transistor noise and the noise factor that represents the lossparasitic capacitances afid) limitations of the selected fer-
SNR via the insertion loss of the matching netwodkie to  rite core. To increase the gain at high frequencies, “pickup”
finite Q of its components, mainly that of the transformer in capacitors(560 pF were used between the emitters of the
Fig. 3. MAT-01GHs.

Which transistor is better to use then at the first stage: =~ The most critical point for the frequency response is the
bipolar or field-effect transistofFET)? The answer depends construction of the transformer T1 that is not included in the
on the source resistance. Although one can always transforfeedback loop. We selected a wideband bifilar transformer
the source impedance into every optimum noise resistance,veith a ferrite core suitable for our frequency rang&-50J,
large difference between source and noise resistances maynidon Assoc). The transformer windings of 45 primary
result in a large insertion loss of the matching network. Thisand 2<12 secondary provides sufficient impedance to
effect is more pronounced at lower frequendiesconnec- achieve the desired low frequency cutoff. The design in Fig.
tion to lowering theQ’s of the componenjs Therefore, one 1 was measured to provide 0.1-5 MKHz3 dB points pass-
should choose bipolar transistor if the source resistance isand. The overall gain of the preamplifiget toA =~ 5000
low and FET if that is hight® Such a choice minimizes the is adequate for most applicatidisind it allows us to effec-
noise voltage for a bipolar transistor and the noise current fotively use the dynamic range of our receivsee later.

a FET and, moreover, also minimizes the insertion loss of The dead time of the preamplifier depends on the speed
the matching network. Hence, the choice of transistor deef dissipating the energy of the resistive-capacitiR€) net-
pends on the resonance circuit. The original probe architeoworks after the rf pulsé® Many commercial preamplifiers,
ture of our Bruker MSL spectrometer, that we wanted toparticularly those operated from dc, suffer from this effect
preserve, favors a serial arrangement. The @0on- for as long as a millisecond. Since our preamplifier is de-
resonance impedance of a serial circuit can be easilgigned for experiments at low frequency, we had to apply
matched to the low noise resistance of a bipolar transistolarge (10-50 nF values bypass and couplingp establish
Therefore, we opted for a BGF 520 Whilips) that is often  true alternating current groundsapacitors. Those large ca-
used for the rf front end in cellular telephones, radar detecpacitors, of course, prolong the dead time and therefore their
tors, etc(For a parallel resonance circuit a FET is, of coursecapacitances were kept to as low as possible. To further de-
more feasible. Conversely, FET-based preamplifiers cooledrease the dead tim@) crossed diodes were placed across
to low temperatures are best to be connected to parallel resthe collector loads of the first two stageand(ii) the power
nance circuit9?"28 supply rails were decoupled by lo@-capacitorgnot shown

A large gainG; makes the circuit susceptible to oscilla- in Fig. 1). Finally, a dead time of ;s was achieved which is
tions. A high-gain, oscillation-free first stage requires a cir-much shorter than the ringing time of the tank circuit.
cuit topology with high reverse isolation: the cascode circuit ~ Very often the preamplifier noise performance is deter-
(Fig. 1) is the most suitable choice and, furthermore, it offersmined by the ground noié&and not by the thermal noise of
a larger bandwidth than a corresponding common-emitteits active components. In such a situation the filters and the
stage. To avoid coupling between input and output, a goodrounded shields are ineffective. The two available solutions
practical construction involves shielding the two transistorsare to establish a true ground reference point by either lifting
from each other as shown in Fig. 1. The input transistor ighe preamplifier ground to the equipment chassis or using a
biased to give a low noise figure when driven by any sourcéalanced power systém (see, for example, those of
resistance from 50 to 20Q. The voltage gain of the first Equi=Tech, Inc). The first option is cheap and is based on
stage in Fig. 1 is=100. the 5 resistor between the ground and emitter of the first

The noise reduction technique applied in the next twotransistor. Because 8 is much larger than the ground im-
stages of the preamplifier is to use balanced differential ampedance between source and preamplifier grounds, it sets the
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FIG. 2. Detailed schematics of the output filter of the preamplifier. The values of capad@amsee inductancé, were set in the different sets to provide
the appropriate central frequencies, see Table I. Different filter sets are selected manually by PIN switches.

potential at the emitter of the first transistor to the ground ofoptimized for each ban¢see Table)l so that it allowed to
the signal sourcé&hat is free of ground noise after the trans- limit the rf amplitude to 10 mV. To provide 50 termina-
former of the matching circuit, Fig.)3Although this is a less tion and appropriate gain over the required frequency range,
effective solution than using balanced power, it has suffitwo monolithic amplifiers MAR-3SM(Mini-Circuits) were
ciently reduced our noise floor. Finally, the noise figure ofused at both ends.
the preamplifier in Fig. 1 has been measured te-lde3 dB
over the passband. Ill. THE PROBE AND THE DUPLEXER

Signal and noise are amplified together in a bandwidth At low frequencies one has to choose between two suit-
defined by the filter attached to the preamplifier outputable probe configurations: single solenoid and quadrature
There are two equally valid approaches for the filter desigreoils. The former requires good electric isolation of the pre-
between 100 kHz and 1 MHz, i.e., active and passive filtersamplifier input from the transmitter during the rf pulse,
Unfortunately, we failed, despite intensive attempts, to conwhich necessarily introduces an insertion loss that can spoil
struct a suitable active filter with variable central frequencythe noise performance of the preamplifier. The latter pro-
and bandwidth for our target frequency range. Thus, severalides a largg—60 dB, the lower the frequency the better the
simple inductive-capacitivelC) bandpass filters were built isolation) natural isolation and requires no additional protec-
instead to cover the range of our resonance frequeliéigs  tion. On the other hand, the quadrature pair of coils in the
2). Each filter, covering a particular narrof@ee Table)  geometry provided by an electromagnet should involve one
band within the passband of the preamplifier, is activated byolenoid and one saddle coil that either requires extra trans-
positive-intrinsic-negativéPIN) switches(see D1-D4. The  mitter power or provides a low signal receptivity. Moreover,
filters also protect the receiver from overl3aty cutting the  fine mechanical tuning is a condition to achieve the desired
rf amplitude with crossed diodes to the value determined bysolation. For these reasons and for convenience, we chose
the L, /C, ratio (the higher is the ratio the better is the pro- instead a single solenoid coil with the original 10 mm coil
tection. On the other hand, the insertion loss becomes intoldiameter(the optimal diameter is certainly not less than that
erable for largel,/C, ratios. Hence, thé,/C, ratio was and 2.5 cm length. With maximum winding densif;2 mm

copper wire this choice provides an unload€p=30 at 0.5

TABLE I. The component values and experimental parameters of the LCMHZ' Although this coil geometry is less than 0ptiﬁ?&ag_35
filter shown in Fig. 2. it proved to be sufficientsee Sec. V)l
The probe-receiver interface is a duplexgrg. 3) that

frequ‘;ig(?\; o Biﬁ?{";g*“ '”Se(rg;;‘ 'OSS'”d“aaHr;Cd-x Capa(cri%”“cx couples the probe to the receiver and decouftsprotect-
ing the preamplifierthe receiver from the transmitter. The
0.5 80 -16 330 300 latter function is provided by pairs of crossed Zener-diodes
0.7 120 -15 200 270 D1-D8 BZX55-2.4 and diodes 1N444(hdditionally, these
i:g ;gg :(1):8 igg 133 crossed diodes suppress eventual noise from the transmitter,
2.0 300 —08 100 71 see latex. A usual choice for coupling the probe to the re-

ceiver is theN/4-wave network. High isolation, low inser-
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FIG. 3. Detailed schematics of the constructed duplexer. The device protects the preamplifier, suppresses the ringing of the tank circuit,|lesthdecoup
ground noise from the preamplifier input.

tion loss, and a good impedance matching require a Qigh- ciently quick. Moreover, the time constant also sets the am-
network that is difficult to achieve at low frequencies. Theplitude of the gating pulse high enough to provide 50 V
selected circuit shown in Fig. 3 has been customized aftereverse bias for the particular diodes at which those are fully
Engl€®® and, in addition to a low insertion 10$6.6 dB and  depleted. The power loss of the transmitter was less than 1
a high isolation(36 dB), it offers a broadband response. dB at 600 W rf pulse power and the shape of the rf pulse is
During the receive time a current of about 17 mA biasesunchanged by the duplexer. The minimum and average iso-
the PIN diodes D17-18 “on” which short cuts the secondarylations in the blanked mode are 32 and 36 dB, respectively,
winding of the transformer and presents a low-impedancén the 100 kHz—5 MHz band.
path for the signal(Note that the depletion voltage of the The ringdown of the tank circuit can be excessively long
selected PIN diodes must be much smaller than the voltagat low frequencies. There are two regimes to distingtfish.
arising from the transmitter pulse. In our case the former isThe first one is immediately after the rf pulse when the
50 V. This requires that the transmitter powert400 W) crossed diodes D1-D8 conduct and the final stage of the
This current value is a compromise between two conflictingransmitter is already blanked off. The time constant of the
effects: increasing the current on the PIN diodes decreasemging in this regime is entirely determined by the unloaded
the insertion loss but increases the switching time. The perQ of the tank circuit. The second ringing mode when crossed
formance of the duplexer depends strongly on the transdiodes D20-D21 conduct is much longer than the first one
former characteristics. The 30 turns bifilar transformer wasand thus requires particular attention. This ringing is best
constructed to have a broad enough passband and was wouretiuced by an activ® spoiler® that drains off ringing at the
on a ferrite toroid with core size suitable for our high rf front stage of the preamplifier. For convenience, the circuit
power (FT-50J, Amidon Assog¢. To any common-mode D22-D23 is activated by essentially the same pulse as used
noise currents the transformer has high impedance and thersr gating the duplexefexcept that its “softness” can be
fore the duplexer possesses an additional feature to suppregsried by capacitor C3 to avoid extra ringing caused by the
the ground noise. blanking pulse itsejf The ringdown time we achieved with
During the transmit time the rf pulse is half-wave recti- this unit is less than 3@s at 500 kHz(see Fig. 4.
fied and low-pass filtered by four pairs D9-16 of 1N4441 Sweep-frequency measurement of the duplexer with 50
diodes and the capacitor C1. Thus, a blanking pulse is praf) termination estimates the insertion loss to less than 1 dB
duced (see Fig. 2 that effectively cuts off the transistor from 100 kHz to 5 MHz with 17 mA of bias applied to each
2N5551 and removes the bias from the PIN diodes. As aliode. This rather large forward bias provides a very low
result, the high impedance of the transformer reduces first thenot measurab)eharmonic distortion in the NMR signal. The
pulse voltage that is then limited to 0.6 V by the crossedcontribution of PIN diodes to the preamplifier noise is neg-
diodes. A good isolation requires high inductance of theligible.
transformer. Moreover, the blanking pulse has to be well
shaped. The time constant of the fllter.apphed after rectlfym_qv_ THE RECEIVER AND THE TRANSMITTER
must be long enough to keep the gating pulse smooth while
it has to be short enougltess then 300 ns that is the rise Although it would perhaps be relatively easy to build a
time of the rf pulse at the highest operation frequency for thisseparate digital receivéthat is truly frequency independent
duplexer which is 5 MHgto switch on the blanking suffi- for our low-frequency range, we did not consider this as an
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adjust the gairiby fixed resistive attenuatgrior supplying a
signal with proper level to the rf and local oscillat@irO)
ports. It is also important to have a proper wideband(b0
termination at every port of DBM2 which is provided by the
monolithic amplifiers. Without these precautions one obtains
nonlinearity, distortions, and extra noise.

Adequate power, blanking capability, and wide fre-
quency range determine the choice of the transmitter. In par-
ticular, rapid and complete amplifier blanking is necessary to
provide high electrical isolation from rf emission and ther-
mal noise. The necessary power range was defined by having
the capacity to excite broadl0-50 kHz NMR spectra.
Hence, we selected a commercially available transmitter
(Amplifier Research 250Lthat is supposed to deliver 750 W
pulse power into a 5d) load in the frequency range 10
kHz—-220 MHz and provides, when blanked, 90 dB isolation.
Experimentally, any extra noise originating from the ampli-
FIG. 4. The rf input pulséa), the gating pulséb) at the duplexer in Fig. 2. fier in the blanked state was Sma”e.r. tha.m noises appe_arlng
Figure (c) has been obtained at the preamplifier output and therefore thérom other sources at the preamplifier input. To obtain a
decay provides the total recovery characteristics of the system at 500 kHzJ00d pulse shape, the gating pulse must open the transmitter
a few microseconds before the pulse on the rf input; thus, the

ating pulse has been supplied by the external trigger lines of
he spectrometer which also required the adequate modifica-

. t=20ps /div

option since we wanted to preserve the compact functionalit

of the spectrometer. Moreover, the original Bruker MSL re- " I th i | thouah th i
ceiver is very broadband devi¢2—400 MH3 that combines  tons of all the applied pulse programs. Although the ampli-
er is wideband, blanking it produces some low frequency

ood transient response with the highest dynamic ran ewitﬂ : ) L
?ninimal distortions. It was therefor% a rea)llistic goal t% ex-transients Wh'Ch were suppressed by a home-built high-pass
pand the operating frequency range down to 0.1 MHz With-(>300 kH2 filter.
out spoiling the excellent original performance. The part of
the receiver, that is responsible for shiff[ing the phase of thg,_ THE POWER SUPPLY OF THE ELECTROMAGNET
reference frequency, operates at the fixed frequency of 70
MHz and is therefore entirely frequency independent. This  Our electromagnet is equipped with a Bruker HS 90-
limits the necessary modifications to the dashed box in Fig. ¥AR power supply(PS operating in constant curréfi{CC)
where the some components with strong frequency depemode that provides a current and field stability at high mag-
dence in the<2 MHz region were replaced by frequency- netic fields better than I0. A flux stabilizer and NMR lock
independent ones. First, new double balanced mi¢lgBM2  system(operating on an auxiliary cgilincreases the field
in Fig. 5, SRA-6H, Mini-Circuit3 were included instead of stability further by more than two orders of magnitude. How-
the original ones in the quadrature detector. Second, new dver, NMR experiments at low<2 MHz) frequencies re-
monolithic amplifiers MAR, Mini-Circuits) replaced the old quire low(~0.1 T) fields even for nuclei with relatively low
ones at the ports of these mixers; care has to be taken tnagnetogyric ratios, such &sl, *Na, and®P. Such low
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FIG. 5. Block diagram of the receiver of our Bruker MSL spectrometer. Extending its operating range(teddiMMHz) frequencies was made by replacing
frequency-dependent elements in the dashed box with components of appropriate characteristics.
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FIG. 6. The block diagram of the PS of the electromagiitiker HS
90-VAR) with the changes to allow operating it in constant current mode at
low (<6 A) currents. High power relays switch between the two operating

modes.

fields are created by very loy<6 A) currents at which the

voltage drop across the power transistors becomes too high.

Hence, the current of the PS is not stabilized. This problem

can be simply remedied by inserting a high-power resistor

Ro into the current patt(see Fig. 6 which decreases the FIG. 7. 2H NMR spectra of 99% BO (=2 cn? in a 10 mm outer diameter
voltage drop on the power transistors and sets them into C&ibe at room temperature recorded by single scans atd),%.7 (b), and
mode even at low currents. The increased value of shurit:0 MHz (c). The presented spectral window is 900 Hz broad. The SNRs,
resistor Ry, improves the regulation at low currents. This ca_lculated as signal amplitude divided by the rms noise for 5 kHz filter
resistor has a temperature coefficient of 50 ppm to keep th\g'dth' are 32(a), 100(b), and 15).
field stable upon heating. With the improved current stabil-

ity, the flux stabilizer and the NMR lock remain effective [50 kHz, the SNR scales as (bandwidthf] in that study.
downto 0.01T. Fina”y, h|gh power re|ays are used to manuMoreOVer, the relative S|gn?él (Obtained at about the same
ally switch between the two current regimes. To prevent-armor frequencyscales asyl(l+1) which is a 2.25 factor

damage caused by the current increasing uncontrollably ové¥hen comparing'H to ?H spectra. Finally, our observed
the rating value foRO, a Simp|e protection Circu(tbased on SNR must be scaled down to 400 kHz. Thus, one can calcu-

a V0|tage sensor that switches a re'ay, not Showms a|so Iate that at 400 kHZ the SQUID SNR iS about a faCtOI’ Of two
added. larger than the scale@from the present data at 500 kHz
SNR of our system. On the other hand, the SNRs of SQUID
and our conventional NMR system are roughly the same at
700 kHz. This fits well to the theof§ that expects the cross-

The performance of the modified spectrometer is demover between SQUID-based and conventional SNRs at
onstrated by’H NMR spectra recorded at different frequen- around this frequency foiH.
cies(Fig. 7). The signal was obtained by a single 90° pulse,  The application of the frequency-extended spectrometer
from which the presented spectra were obtained by Fourielo frequency-dependent spin relaxation studies is demon-
transformation without apodization. At 500 kHz one obtainsstrated in Figs. 8 and 9. The sample is a micellar solution
SNR= 32 for the line with a half width of 5.5 Hz. The spec- (28.8 wt %) of decylammonium chloride in watédeuterium
tral broadening of about 4.5 Hz is due field inhomogeneity of
~5 ppm. (The best achievable homogeneity in the investi-
gated frequency range is about 2 ppmhe frequency de-
pendence of the SNR is strong, roughly as expected from 20 |
theory. The exception is at 500 kHz, where the SNR drops to
a lower value than expected from the performance at higher
frequencies.

One can compare the SNR to that obtained at low fre-
guencies by dc-SQUID-based devices in room-temperature
samples. Of the few experimental examples, the latest and
most advanced oR&?? provided the estimated single-scan
(peak amplitudgto{root-mean-squaréms) noisg ratio of
about 2 in the'H NMR spectrum of 1 crhwater at 400
kHz.?? To compare that to our result is somewhat compli-
cated by the fact that those spectra are magnitude ones, while
our spectra are phase-sensitive absorption spectra. One must time (ms )

take into account the Iarger “neWIdEBOO Hz for the mag- FIG. 8. The result of &H inversion recovery experiment performed at 0.5

r_mUd_e spectra that corresponds_ to 3_00 Hz in phase-gensiti%z in a 28 wt % micellar solution of selectively deuterated decylammo-
linewidth, the SNR scales as (linewidih)] and bandwidth  nium chioride at 55 °C.

VI. EXPERIMENTAL RESULTS
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