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PULSED NMR IMAGING
An Introduction

Fig. 1. Experimental setup for one-dimensional PNMR imaging experiments

No one would question the assertion that magnetic resonance imaging is one of the most important
applications of PNMR physics. MRI, as it is commonly called, is a vast and truly complex subject that is a
research field all by itself. However, there are ways to introduce this subject to undergraduates so that they
can execute, control, design, and manipulate the experimental parameters. In the process they will develop
significant understanding of this technology. This pedagogy involves experiments in one-dimensional
imaging.
There are devices on the market that create full three-dimensional images using NMR. They all use
complex pre-prepared software programs that are hardly transparent to the student. Here at TeachSpin,
we are not interested in training students to run pre-packaged specialty software programs. We design
our equipment and experiments to give students maximum ownership, while also teaching them valuable
transferable skills. That’s what we believe our one-dimensional, MRI experiments really do.
The equipment needed to carry out these experiments is photographed in Fig 1. Our PS2 table-top, pulsed
NMR spectrometer is the ideal instrument for this kind of student investigation, because, among its other
characteristics, it offers full control of the magnetic field gradients. We highly recommend the SR770
spectrum analyzer for these measurements, but other FFT instruments, such as the ones contained in a
digital oscilloscope, may be adequate. However, we cannot guarantee that.
What do we mean by one-dimensional imaging? In our case, with our cylindrical sample vials, the logical
choice for the variable dimension is the axis of the cylinder. Figure 2 shows the sample vial with a layered
sample and the spatial coordinates identified. Each layer contains either a different sample material or a
spacer, which is a dielectric material that has no hydrogen (Teflon).

Now, instead of providing
a both spatially uniform
and constant magnetic field
in the z-direction, we apply
a non-uniform B field such
that
Fig. 2 Layered Sample

Fig. 3 FID signals on a digital oscilloscope

For the PS2 spectrometers, that is accomplished by
adjusting the
gradient current control on the PS2
Controller.
Having created this magnetic field gradient, the
protons in each segment of the sample have a Larmor
precession frequency that depends on its location along
the y-axis of the “stack”; or
(y). The existence of
the gradient field allows the mapping of the position
in coordinate space to a location in frequency space.
Suppose we apply a 90˚ rf pulse to a layered sample
placed in such a gradient field. The free induction decay
signal (FID) after the pulse will contain all the Larmor
frequencies of the spins in the sample. To examine
this FID with our 100 kHz spectrum analyzer, the PS2
heterodynes the approximately 21 MHz signal down
to the kHz range where it can be measured with high
resolution and precision.
Let’s look at a simple example of a two-layered
sample made of two different soft waxes. Fig. 3
shows the oscilloscope traces of both the envelope and
phase detector outputs from the receiver. The signal
in the time domain is not as informative as the same
signal analyzed in the frequency domain as shown in
Figure 4. It is clear that the FID contains two primary
frequencies, in this case at 11.281 kHz and 13.281 kHz.
Students can vary the strength of the y-gradient and
observe that the splitting of these two peaks depends
linearly on the current in the y-gradient field coils.

Fig. 4 FID signal from phase detector on the SR770
spectrum analyzer

To more completely understand the signals from the
“layered” samples, students should first measure the
characteristics of the static field with the full y-gradient.
This can be carried out using a sample of a single thin
slab of a soft solid material with a long T2 (narrow line
width) which is placed in different locations along the
y-axis. Then the heterodyned signal frequency and
line width can be plotted against the sample locations,
Figure 5. Note that over a 14 mm range, the field
gradient is constant but the homogeneity is dependent
on the y-location.
The field gradient constant is:

TeachSpin has assembled a large collection of “soft
solids,” either in the form of small disks already cut to fit
into the sample vials, or various waxes and greases that
can easily be melted into a layered sample.

Fig. 5 Plot of field gradient and homogeneity along y-axis

Soft solids are the ideal material to create a layered
sample for imaging experiments. Being solid, they
are easily formed into layered samples. However, the
hydrogen nuclei in these materials have NMR properties
that are close to those in liquids, making them ideal for
PNMR measurements of T1 and T2.

These are all materials that have T2 >.5 ms and
T1 >50 ms. Students can choose to create their own
layered sample or use ones already provided in the kit.
They can measure and catalog T1 and T2 for each material
so that it can be used to identify the “unknown” layered
sample. We also supply two thicknesses of Teflon
“spacers,” which aid in resolving FFT peaks, since they
exhibit no proton NMR signal. The kit includes a cutting
tool to fabricate your own disk samples on any drill
press and a supplementary instruction manual to guide
the students through their own introduction to PNMR
imaging. We anticipate this kit becoming available by
the beginning of the fall semester.

The spin-lattice relaxation time, T1, for each layer, can
be a reliable marker. One can make a measurement of
this NMR parameter for each peak in the FFT spectrum
using a very simple method. Suppose we ask how the
proton’s magnetization in the z-direction recovers to its
thermal equilibrium value after a 90˚ pulse. For most
“soft” solids, it follows the equation:

Suppose we repeat these 90˚ pulses in a time period
P, such that the magnetization returns to 90% of its
equilibrium value (M (t) = .9Mo). One can easily show
that this occurs when

P = 2.3T1
Thus, by recording the repetition period P that causes
a FFT peak to decrease 10%, we can calculate T1 from
the above equation. This estimate can be compared to
the more standard measurement of T1 using the so-called
inversion-recovery method (180˚ – delay – 90˚ ) pulse
sequence on a single-layered sample.

Fig . 6 FFT of unknown layered sample

Even the raw data is fun to look at. Figure 6 is such
data for an “unknown” layered sample. How many
layers were in this sample?

•
•
•

You’re right!
You pass!
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Read All About It!

The “Disappearing” Protons
(Pulsed NMR “Magic”)

While developing these layered samples for one-dimensional imaging experiments, we hit upon a simple
experiment that any of you with either the PS1 or PS2 spectrometers can easily carry out. All you need is some
ordinary candle wax and a heat gun.
First, have the students tune up the spectrometer for protons with a mineral oil or some other convenient sample.
Adjust the spectrometer for maximum T2*. Now place a small amount of the candle wax in a sample vial. Heat it
so that all the wax flows to the bottom of the vial. The wax should remain hot and in liquid form. Then, place the
vial into the spectrometer and observe the FID after a 90˚ pulse.
Ask your students to explain what they observe as the wax cools. What do they notice changing as the sample
cools? What happens to the signal? What happens to the protons? Do they evaporate? Have them take the sample
out of the spectrometer, warm up the wax until it becomes liquid again, and repeat the experiment.
We call this “the case of the disappearing protons”. If you need help in solving this mystery, write me at
JReichert@teachspin.com or call 716-885-4701. I think your students will love it!

