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An inexpensive external unit that allows the use of a commercial
igh-resolution NMR spectrometer as a very low frequency instru-
ent is described. The external unit is phase coherent, the pulse

iming being given by the parent spectrometer. With the exception
f the probe, the external unit does not contain any tuned ele-
ents. This permits easy change of frequency in the range 100

Hz–1 MHz. The external unit may be appropriately employed in
ood science where, in several cases, low frequency is desirable. An
pplication to hen shell eggs at the frequency of 700 kHz is
escribed. © 1999 Academic Press

Key Words: low field 1H-NMR; foodstuff quality; shell eggs;
elaxation times; external unit.

INTRODUCTION

Relevant information about foodstuff quality can be
ained through the measurement of the longitudinal and t
erse relaxation times of the bulk water in the sample1).
ften, such measurements are more sensitive to quality p
ters when performed at low field. The general reason li

he fact that water interacts with immobilized or slow-rota
issue components. This interaction changes its spectral d
n such a way that large relaxation can only be observe
elatively low field.

Low-field NMR spectrometers are far less expensive
heir high-field counterparts. This fact, however, does
ustify the purchase of a commercial low-field equipment
he sole purpose of testing the feasibility of a new applica
oreover, not every variety of low-frequency NMR spectro
ter is commercially available. Fortunately, old NMR elec
agnets are still available in many laboratories. A devic

his type, together with a common high-resolution spectro
er, a homemade external unit, and a suitable probe, ca
sed to set up a versatile low-frequency apparatus at ver
ost.
In this paper we describe the assembly of the exte
odules needed to permit the use of a Bruker CXP-200 s

1 To whom correspondence should be addressed.
277
-
s-

m-
in

ity
at

n
t

r
.

-
-
f

e-
be
w

al
c-

rometer as a very low field NMR machine working in
02–103 kHz frequency range. For the sake of clarity, we
efer to the setting-up of a 700 kHz prototype that we bui
arry out a novel study on the aging process of shell eg
tudied by low-field NMR (2). Very few changes will b
equired to use the equipment at another frequency in the
ange. The choice of specific commercial components
ictated by their availability and low price, and may there
ot always represent theoptimumfrom a performance stan
oint.

EXTERNAL UNIT ARRANGEMENT

The block diagram of the whole external unit working at
Hz is shown in Fig. 1. Note that no 700 kHz signal is ta
rom the CXP console. In fact, the CXP pulse modul
annot handle frequencies lower than 2 MHz. Conseque
he required frequency is obtained by mixing the CXP l
ower transmitter output, set at 9.3 MHz, with the local os

ator provided by the CXP 10 MHz master oscillator signa
uch a way as to make the 700 kHz frequency available a
ixer output. The latter signal is amplified by an untu

ascade amplifier and delivered to a homemade probe th
passive diode switch. In this way, any phase cycle issue
CXP pulse program can be safely transferred to the 700

hannel.
Similarly, the 700 kHz NMR signal from the probe

reamplified and back converted to 9.3 MHz by the sam
Hz reference signal, before being applied to the CXP

nput. Phase coherence is achieved because the same 1
eference is used for both the TX and RX circuits.

xternal Modules

Downconverter and RF amplifier.The downconverter an
F amplifier circuit are shown in Fig. 2. The TX mixer is

ow-level and low-cost commercial double-balanced type
rst transistor low-level stage operates in class A, while
ext MJ481 buffer amplifier and the MJ481 output ampl
1090-7807/99 $30.00
Copyright © 1999 by Academic Press
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oth operate in class C. By using class C the amplifie
utomatically turned off when the unit switches to receiv
ode, thus making gating circuits unnecessary. The relat

ow frequency transistors used prevent the unwanted
requencies present at the mixer output from being ampli
owever, a high-pass filter (f c 5 100 kHz) is also necessa
t the TX output to remove very low frequency noise and
roper impedance matching. No tuned circuits are used i
mplifier chain, so the amplifier isflat from 100 kHz to 1 MHz
he amplifier provides 20 W RF output power.

TX/RX switch, receiver preamplifier, and mixer.The gen
ral outline of the receiving part of the low-frequency NM
xternal unit is shown in Fig. 3. The NMR signal coming fr

he probe reaches the preamplifier input through a TX
witch. Diodes are employed on the transmitter and rec
rms for passive switching, i.e., switching is provided by
F excitation itself (3, 4). A single stage FET preamplifi
andles the 1 V overload appearing at the TX/RX swit
utput and applies a 10 dB gain to overcome the conve

oss of the following upconverter. The latter is a117 dBm
ouble balanced mixer whose local oscillator port is drive

FIG. 1. Block diagram of the external unit. Because of the particular
onsole as an heteronuclear probe tuned at 9.3 MHz. Here TX5 transmit
reamplifier.

FIG. 2. Outline of the TX downconverter and power amplifier. The
omponents (f 5 100 kHz) areC 5 C 5 15 nF,L 5 60 mH.
c 1 2 1
is

ly
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he 10 MHz frequency available from the CXP master o
ator, thus providing a 9.3 MHz upconverted NMR signal. T
ocal oscillator frequency is not gated, so the output is
ected to a residual 10 MHz signal that is filtered out by a v
igh Q crystal notch filter. A 30 pF variable capacitor perm
ne notch tuning over a few kilohertz range around the n
nal 10 MHz series resonance of the quartz crystal. The s
s coupled to the source follower BF245A to match the
nput impedance of the following 50-ohm line that feeds
MR signal to the CXP-200 standard preamplifier.

Probe. The prototype 700 kHz probe (Fig. 3) has b
uilt large enough to contain a shell egg. The sample coilL 1)

s a simple solenoid wound around a common labora
eaker and connected to a capacitor, to form a series res
ircuit with aQ of about 40. This relatively high value impos
quite long pulse rise and fall time, of the order of 30ms.

lthough the total dead time is even longer (about 200ms), this
s of no concern when samples with a sufficient longT1 andT2

0.01–1 s) aredealt with. With the present probe configurat
nd the 20 W RF transmitter described above, a 60ms 90
egree pulse and a 100ms 180 degree pulse were obtained.

ctronic configuration chosen, the 700 kHz NMR external unit appears t
RX5 receiver, PA5 power amplifier, LO5 local oscillator, pre-amp5

L-1X mixer is a Mini Circuits double balanced ring type. The high-pa
ele
ter,
SB
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279NMR EXTERNAL UNIT FOR FOODSTUFF ANALYSIS
1 homogeneity has been measured by directly mappin
F intensity within the probe and found to be within 95%
t least 90% of the volume, which is where the greatest pa
shell egg is actually placed.
The probe, together with the TX/RX switch, was contai

n an aluminum box and inserted between the poles of a
arian 12-inch electromagnet modified to a 74 mm gap.
lectromagnet was driven to 0.0164 T by a 1 A current pro
ided by a voltage supply set at about 1 V.

APPLICATION

MR of Shell Eggs at 700 kHz

The 700 kHz frequency was chosen because prelim
eld-cycling relaxometry experiments indicated that the
ess of egg aging is best mirrored into the albumen relax
imes at frequencies lower than;1 MHz (2).

In the absence of any possibility of field shimming, a
ecause of the large volume of the sample, the linewidth o
ater protons of a shell egg is rather large (about 500–
z). This turns out to be not particularly annoying when b
1 (inversion recovery) (5) andT2 (spin-echo) (6) experiment
re run. Besides, any unwanted magnetization due to the

FIG. 3. Circuit diagram of the probe, TX/RX switch, and RX upconv
round a 50 mm diameter pyrex beaker (about 67mH). The circuit is tuned
F variable capacitor, both working at 1 kV voltage. The series LC circui
onsisting of 16 turns of self-supported 2 mm enameled copper wire. TX
X upconverter: The SRA-1H is a Mini Circuits double balanced mixer. X

grade F19 core): Primary has 6 turns and secondary has 30 turns of 0
he
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1 inhomogeneity can be successfully eliminated with sim
hase cycles.
As an example, the longitudinal magnetization recovery

he transverse magnetization decay curves of a shell egg
re shown in Fig. 4. They have been obtained by plotting

ntensities of the Fourier transform of either the FIDs, in
nversion recovery, or the half-echo height in a spin-e
xperiment. It is apparent that even at short times the ex
ental points are well behaved, theS/N ratio being quite hig

better than 15 with a single scan). The clear at leas7)
iexponential decay of both curves is actually the main su
f our future research: We have evidence that changes
elaxation curves with time after laying could be used to i
he freshness of an egg (2). Further details are beyond t
cope of this article and will be presented in a subseq
aper.

CONCLUSIONS

The inexpensive external unit presented in this paper
een used with a Bruker CXP-200 NMR spectromete
etermineT1 andT2 relaxation curves of a large food sam
a shell egg) at 700 kHz. Although our experience is limite
he CXP console, we believe that the same approach c

r.robe:TheL 1 coil is made of 45 turns of 1 mm enameled copper wire wo
00 kHz by a 750 pF nonmagnetic high-Q capacitor and is finely tuned by a
matched to 50 ohm by inductorL 2, a 20 mm diameter solenoid, about 45 mm lo

switch: diodes are 1N4448 type.C1 5 C2 5 3.3 nF,L 3 5 15 mH (at 700 KHz).
L is a surplus 10 MHz series-resonance quartz crystal.T1 is a toroidal transforme

mm enameled wire.
erteP
at 7
t is
/RX
TA
.5
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280 CAPOZZI ET AL.
ollowed with any other NMR console, provided a refere
ignal and a low-power transmitted output are available to
ser.
The low resonance frequency allowed by the unit permit

asy construction of a probe capable of containing large
les, thus giving the possibility of performing nondestruc

FIG. 4. Longitudinal magnetization recovery and transverse magne
ion decay of the water proton signal of a shell egg at 700 kHz. Note that
urves cannot be fit with a single exponential function (dashed). A model
n the sum of two exponential functions, each having different weights
amping factors, is much more appropriate (solid), though not necessar
est one (7). The relaxation time constants with the larger weight in
iexponential fit (more than 80%) are indicated.
e
e

e
m-

nalyses of eggs. This feature, together with the fact that
s no risk of microbial sample contamination during the a
sis, makes the approach suitable for on-line applications
Even lower frequencies can be reached in a similar wa

nly modifying the probe and theC1, L 3, C2 network in the
X/RX unit (4), the only limitations being the dimension of t
robe and, of course, the lower sensitivity.
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