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Welcome to the NMR lab. Let’s enjoy this physics experiment observing the motion of
proton nuclear spins in water by an oscilloscope. Do not worry about nuclear
radiation; there are no «a, f or jrays in this experiment. This is why the magnetic
resonance imaging (MRI) in hospital is known to be safe to the human body.

1 Introduction

Every elementary particle is characterized by its mass and charge. For example
the proton or hydrogen nucleus has a positive charge e and an approximate mass of
mc? =1 GeV. There is another quantity which characterizes each particle: that is a
“spin” or the angular momentum. Many elementary particles possess a spin, and rotate
on its axis. This rotation is persistent and shall never be deaccelerated. When a
charged particle rotates, the magnetic moment arises along the rotating axis. This is
quite analogous to the solenoid of electromagnet, in which electron moves around the
solenoid axis to produce magnetic flux along the solenoid axis. Thus, we know that
proton has a tiny magnetic moment. Although its size is very small, we can utilize
them by the nuclear magnetic resonance (NMR) technique to explore within materials.
The principle of NMR is applied to vast fields such as development of new drugs or
functional materials such as superconductor, and also analyses of genome or protein.

One of the goal for this lab is to understand the principle of NMR technique, which
is a microscopic method to measure the magnetic field within the material utilizing the
magnetic moment u possessed by nuclei. Its principle (Fig. 1) is quite simple, that is,
only the photons with energy Aw can be absorbed by nuclear spins with energy 2uH
under the magnetic field. The magnetic field inside the material varies widely
depending on the character of the material, whether it is metal, semiconductor, magnet
or superconductor etc. This is because the electrons in the material produce additional
field within it.  Through the investigation of magnetic field inside the material, we can
understand the properties of electrons, which play an important role in many
phenomena that materials exhibit, such as superconductivity.

Before starting the lab, note another subject.
That is, to enjoy watching a beautifully-oscillating E=ho
NMR signal, called as free induction delay (FID), EM
which transforms kaleidoscopically as one changes
field. This also gives you a better understanding of  H H AE = 2uH

Fourier transformation, which might have been a
difficult jargon in a class of mathematics.

Fig. 1 Basic concept of NMR
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2  The nuclear magnetic moment u
The nucleus of hydrogen, so-called a proton, has a magnetic moment i, because it
has both a charge +e and a spin angular momentum I. The direction of f is parallel

with I, and one can formulate them as i= yhf, where A is the plank constant divided
by 2m and y is the constant called as the nuclear gyromagnetic ratio'. Table 1 shows

values of u for various common nuclei.

nucleus H ’D op A 8cu %Cu *Fe e
v/2n
425774 6.53566 40.055 11.094 11.285 12.090 1.38 -—28024.6
(MH/T)

Table 1. Nuclear gyromagnetic ratio y and spin quantum number I for various nuclei.

Under a finite magnetic field H, the potential energy of nuclear spin depends on its
direction with respectto H as,
E=—ji-H=—yhl-H
If one takes the direction of the field along z axis such that H = (0,0, H,), the energy is
rewritten as,
E = —yhl,H,.

According to the quantum mechanics, the z-component of spin I, takes discrete
values —I,—I+1,...,I —1andI. The spin state is stable against time evolution only
for these allowed values, which are called eigen values. The spin state corresponding
to each eigenvalue is called eigenstate. The energy difference AE between two
neighboring eigenstates I, and I, + 1, called Zeeman energy (Fig. 2), is given as,

Case I =21 (I, = -3,+3) Case I =2 (I, = -3-1,4+14)
1 3
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Fig. 2 Zeeman splitting and Zeeman energy for spin with I =2 and 2.

! Although one may think that only 7 is important, both [ and T are in fact indispensable for
NMR, which is analogous to a rotating top in the gravitational field.
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AE = yhH,.

When photons with energy hw are irradiated to the system, the quantum
mechanics again tells us that the photons are absorbed by nuclear spins only when its
energy coincides with AE. This gives the famous NMR condition,

w =YH,
The frequency at the left side is called Larmor frequency. Note that in convenience,
the unit of y is usually given as MHz/T, and the equation is described as v = yH,.

+ Q1% Calculate the resonance frequency of *H and *°F under the magnetic field of
0.5 Tesla. Also, obtain H, of the two nuclei for w/2m = 25 MHz.

+ Q 2. Convert the photon energy of above 25 MHz to the temperature Kelvin.
(Hint) use the Boltzman constant kg = 1.381 x 10723(J/K) and the Plank constant
h = 6.626 x 1073*(J/Hz).

+ Q 3. Refer quantum mechanics text books and find how the Fermi's golden rule
explains the NMR resonance condition.

3 The magnetic field inside the material

The magnetic field that felt by the Material
nuclei is different from the applied field |
He.y, but includes the additional one _ Hint:tz:ee?t?!)dngriﬁdrlrj]gigrgll
H,,, which is produced by electrons in  Total field
material. NMR deals with this H;y;. Ho J/e want o know this one

As the quantum statistical physics Hex:: the applied field
tells us, Hj,: strongly depends on the I/
electron state, that is, if they are moving Fig. 3 The field measured by NMR
or staying localized (note that electrons
also have spins and hence magnetic moments). For example, as the quantum statistical
physics tells us, the unpaired inner-shell electron, which are localized, shows
1/T-temperature dependent magnetization called as the Curie-magnetization, while the
conduction electrons in metals, shows temperature independent magnetization, called as
Pauli magnetization.

These mean that through the measurement of Hj;,;, we can obtain the microscopic
character of electrons, which cause many interesting phenomena in solids such as
magnetism or superconductivity. The ratio of H;,; to H, is often called as Knight

2 Several quizzes are provided in the text for better understanding of NMR.  Students are encouraged to
answer some of them in his report. Do not fear making mistakes, challenging will be appreciated.
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shift (named after the discoverer, W. D. Knight). In chemistry fields, Knight shift is
called as chemical shift. NMR can also measure the fluctuation amplitude of Hjy,
which will be demonstrated in Physics lab course 111.

4 NMR spectrometer

Before starting experiments, you have to be aware of two important rules for the
magnet and pulse controller.

(CAUTION 1) Set the current setting potentiometer knob to zero, before turning
ON/OFF the magnet. Otherwise the surge EMF due to —LdI/dt may appear at
terminals of the magnet and give damage to magnet and the power supply.

Next, when you set the pulse condition, that is, pulse width (usec) and its interval
(msec) on PC-2 using the pulse-controlling software,

(CAUTION 2) DO NOT set the pulse interval shorter than 10msec, and DO NOT
set the pulse width longer than 100usec (Fig. 6). If done, the RF power amplifier
will be seriously damaged.

Figure 4 shows the schematic diagram of NMR detection. Before proceeding to
the next section, where the theory of spin motion is described, let’s be familiar with the
machine in a nuts-and-bolts way. The NMR machine, usually called as spectrometer
consists of eight parts:

1) DC-pulse generator controlled by PC-2, which determines the pulse interval
(10-10000 msec) and the pulse length (1-10 psec).

2) RF-Signal generator, which determines the RF frequency (5-40 MHz).
3) RF-switch, which convert the continuous wave to RF pulses.

4) Low-noise pre amplifier, which amplifies the extraordinarily small FID signal
to visible size (No adjustable knobs).

5) Phase sensitive detector, which determines the signal-receiving gain.
6) RF-Power amplifier, which determines the applying power (0-100 W)

7) Magnet with power supply and field-monitoring digital volt meter (DVM),
which applies and measures the DC magnetic field (0-1.0 T).

8) Probe with built-in LC circuit, which applies RF pulse and receives FID signal.
Adjust two variable capacitors so that the FID signal becomes large.
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5 Theory of spin motion

Under zero-field, nuclear spins fluctuate randomly, so that their net moment is zero.
One can get a finite net moment by applying a magnetic field H,. This moment u
directed along the applied field can be manipulated by weak RF pulses® oscillating with
a frequency w, which is close to be yH,. That is, when electromagnetic wave with
frequency w is irradiated by a small solenoid around the sample, u starts to tilt from
the direction of H, as it absorbs the photon energy #Aw.

Then, if one stops irradiation just when p rotates 90° and lies within the xy plane,
which in usual takes only a few micro seconds, the nuclear moment starts to rotate in
the plane, the motion of which is called as Larmor precession. If you put solenoid
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Fig. 4 Schematic diagram of NMR spectrometer
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3 Why the nuclear spins polarized along the strong magnetic field can be manipulated by a weak
oscillating field ?  This can be explained by Larmor & theorem, which demonstrates that on a rotating
frame, the nuclear spins feels a fake field, the size of whichis —w/y.
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Fig. 5 Time evolution of spin motion after RF-pulse irradiation. Suppose each
spin felts field slightly different from one another, and hence precesses with
slightly different angular velocity. Immediately after the irradiation, all spins
point the same direction (left). As time evolves, the direction of each spins
becomes random, reflecting the field inhomogeneity. Thus, the amplitude of
FID at the terminals of pick-up coil gradually decreases with time.

parallel with the plane, you will see an oscillating voltage appears at its terminals due to
Faraday’s law. This is called as a free induction delay (FID) signal. In fact, the
solenoid is the same one that was used to irradiate electromagnetic wave.

The frequency of Larmor precession, which is just the rotating frequency of nuclear
moment, corresponds to yH, where H is the internal field applied onto nuclei. For
the induced voltage at the coil due to the Larmor precession is usually as small as a few
micron volts, it must be amplified also processed by the phase sensitive detector (PSD)
to make it visible by oscilloscope. In the PSD, the induced voltage with the frequency
yH is mixed with the continuous wave from the signal generator with the frequency w,
often referred as the reference. Here, the process mixing actually corresponds to
multiplication of the two oscillating signals. The output frequency of PDS the same as
the difference of the two as |yH — w| (See Q 4) .

Next, the decaying rate of FID signal with time also gives the important
information in the material. See Fig. 4, and note that there are tremendously many
nuclear spins in a test tube, that is, the order of Avogadro number Na. Each spin feels
slightly different H, depending on its environment or position. This means that the
rotating frequency is also slightly different for each spin®. Therefore, above FID does
not last eternally but decreases in a finite time T, =~ 2m/(y8H), where §H is the
inhomogeneity in H. The size of T, varies from a few micro seconds to a few
seconds and depends on the sample homogeneity, magnetization and whether or not it is
liquid or solid.

* There is an another mechanism that reduces the FID amplitude, that is, the spin-spin interaction. The
effect of these two can be measured as separated by utilizing the spin-echo technique. You can find the
interesting song on this topic, Twinkle, Twinkle (song by Science Groove) — YouTube.
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+ Q4. Show how PSD works.

The principle is quite simple: by multiplying the

two oscillating signals one can get another oscillating signal with the frequency of

difference between the two.

multiplied.

Explain why the difference frequency appears when

+ Q5. In previous section, the quantization of spin angular momentum has been
described. In microscopic physics, many quantities are quantized. Show other
examples of quantization; consult any text books of quantum mechanics if

necessary.

6 How to get FID signal

By following the procedures below you can easily observe a beautiful signal in the
oscilloscope. Although students in many lab-courses are generally encouraged to learn
each experiment in rather a cut-and-try manner, they are expected to be prudent and to
handle the spectrometer carefully in NMR lab, for some of the apparatus are quite
fragile. Do not hesitate ask TA or prof whenever you are not sure of operation.
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Fig. 6 Operation of pulse controller.

v

Repeat time:

Set 20mS for liquid sample and
100mS for solid one.

Never make it shorter than 10mS.

The program name is “NMR6.41”.

1) (TA must do this.) Switch all the apparatuses except for RF power amp on.

2) (TA must do this.) Set the hall-probe current on by executing the batch script on

No. 2 spectrometer.

3) (TAmust do this.) Set the signal generator’s output amplitude 2.00Vp,.

4)  Set the PSD gain +32 dB, that is, push down two green buttons.

5) Set the sample glass tube containing aqueous solution of copper sulfate into the
CAUTION: glass tube is fragile. Handle it carefully.

hole of NMR probe.




6)
7)
8)
9
10)

11)

NMR Text for Sophomore Lab. Course. Spring (2017) v1.1

Move the probe to the center position between of the pole pieces of the magnet.
Set the signal generator’s frequency 23.4 MHz.

Set the pulse width and pulse interval 4 usec and 40 msec, respectively. Confirm
that the green lamp on the pulse-generator is lighted, and that the horizontal axis
of oscilloscope is properly swept.

Increase the magnet current slowly and confirm that the hall probe DVM show an
increase. If it does not call TA or prof.

Adjust the magnet current so that the magnetic field is about 0.55 Tesla. Use the
V-H relation or the graph to convert the observed voltage (V) to the field (T).

Increase the output level of power amp slowly, watching the oscilloscope to find a
FID signal.

If you do not see any FID signal on oscilloscope at this stage, consult TA’s.

Otherwise, you can proceed and make the signal stronger and more beautiful, that is,

make it being with less noise. You can also adjust frequency and field strength slowly

and slightly to enjoy watching how the signal transforms in the oscilloscope.

12)
13)

14)

15)

Adjust the two capacitors so that the signal becomes larger.

Adjust slightly the pulse length so that the signal becomes larger.

(WARNING) Never set the pulse length longer than 100 usec; it will seriously

damage the power amplifier.

Adjust slightly the probe position so that the signal lasts longer in the

oscilloscope.

Adjust horizontal axis delay of oscilloscope so that the ring-down noise around

the RF pulse at beginning of FID signal just hides at the left side of scope (Fig. 6).
16) How to get FID signal
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7 Experiments

In this lab, students are expected to perform three experiments in a time. Every
experiment is easy, and | hope, will be interesting.  As in the other lab’s, do not forge t
to take notes on the measurement condition such as the measurement frequency, the
magnetic field (or the applied current to magnet), the pulse length, the pulse interval,
and the time window of oscilloscope, which is indispensable to show spectrum
frequency correctly. Description of these on your report will be appreciated.

1)  Find an FID signal and understand how PSD works

Follow the procedures given below and find an FID signal. Then, carefully
observe how the FID changes when you change slowly the magnet current through the
resonance condition w = yH. Sketch or capture the signal in the oscilloscope 1 for
the five conditions following, w >» yH,w = yH,w =~ yH,w < yH and w < yH.

(A) (B) o
Tek Ju Trig’d M Pos: 232.0us ACQUIRE Tek JL rg’d rM Pos: 516.0»5\ ACQUIRE
(] * gl i g T
i FID signal Sample
: : ,\4\ = Horizontal axis is shifted =
17 Peak Detect to hide the RF pUISe- Peak Detect
1 =
1] N Ju T
1 Average A-xera-:e
| Time window i i - -
1 | R, Signal is averagey\ P
1y is 50x10 psec. for 64 times.
11 RFpulse
I
This must beelinfinategs | Ext / 160V M 1001 Ext / 160V
from the window.”37=Mar-T6 1343 50,0003Hz 31-Mar-16 1351 50.0003Hz

TBS 1062 - 15:04:12 2016/03/31 TBS 1062 - 15:06:22 2016/03/31

Fig. 7 A typical FID signal taken by oscilloscope, (A) with the horizontal time
window 500 (=50x10) usec associated with an RF pulse at the left side, and (B) with
the time window 1000 (=100x10) usec, averaged 64 times, and with the horizontal
axis shifted slightly to the left so that the RF pulse gets out of the window.

2)  Confirm the NMR resonance condition law w = yH

First, find the FID signal for the appropriate frequency w. Adjust either H or w
so that the resonance condition of precisely fulfilled. Make a note of (H,w) set and
repeat this with few tens of different w’s. By using the least-square fitting, find
constants a and b for the relation w = a-(H + b). Compare the value a with y
in this text. Next, you will probably find that b is finite, then think of its reason (Q6).
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3)  Compare the signal from solid and liquid

Find the drastic change in the FID signal when a sample of butter, chocolate or wax
is in liquid state or solid state. Choose one of the samples in a glass tube (ask TA for
it) and liquefy it by hot air from a hair dryer. Obtain the FID signal from the sample in
liquid state. Transfer the FID data to PC and get the frequency spectrum by the fast
fourier transform (FFT). Next, cool down the sample; use ice if necessary® until it
completely solidifies again, and measure again the FID signal, after removing water
around the test tube completely. Compare signals of solid and liquid, try to explain the
reason of difference (Q8).
(CAUTION) HOT air from the hair dryer may insure you.
(CAUTION) Never let water into the sample hole in the probe.

+ Q 6. Explain why the value b in 3) is finite. (Hint) When b is finite, there
may be finite field even if you make the magnet current zero. What does this field
come from ?  Note that the core of the present magnet is made of soft iron.

+ Q7. Show that the superposition of cosine waves with different frequencies with
a distribution width Aw makes a decaying oscillation. Also show that it decays
faster for larger Aw.

Equivalently, you can instead evaluate the Fourier integral °

w-wg

1 o5
J_ dwe \aw ) coswt.

+ Q 8. Read an explanation following on the motional narrowing and draw function
curves of FID amplitude against t for several different t’s and for a constant Aw.

First, suppose that the system has a field inhomogeneity of AH and that each
particle moves to a new position within an average interval t.
When the FID signal possesses the frequency inhomogeneity Aw = yAH, its

amplitude decreases as e~(2©/2* from t=0. Suppose that the particle
position changes at t = T, then the system is reset and FID starts from the starting

2
point, that is, obeying the function e~(#A@/2)?e=((t=1Aw/2)" \yhich looks like as if

it restarts from t = 7. In the next period from t = 2t, the FID amplitude obeys

% Use of ice and water is strongly recommended, because the part of sample remains liquid unless it is

cooled to the temperature much below the melting point.
® The simplest way is to use the Euler’s theorem cos wt = Re e'“t. Next, complete the square within
the exponential function in regard to the variable w, then finally use the Gaussian integral theorem.
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the function e~(27Aw/2)?~((t-2080/2)"

For this sequence will be repeated t/7 times until the longer time t, one
obtains the time evolution of FID amplitude as e~(t/?(Aw/2)?* = o=(vAw?/4)t,
Note that if T is very short, equivalently, if the particles are moving very fast just
like in liquids, the FID amplitude decays only slowly with time, as if the system has
little field inhomogeneity.

7 Closing remarks

Do not forget to submit a report within a week; drop it at the post specified.

In your report, you are expected to state, 1. motivation, 2. experimental methods and
conditions (such as frequency, pulse length, repetition interval and magnetic field), 3.
results and 4. discussion. A challenge to some questions in this text will be
appreciated. In results section, do not forget show both the worked data (such as FFT
spectra) and also some raw data (such as FID signal).

Do not hesitate to ask questions to Prof. Goto or other TA’s.

If you would like to see the NMR apparatus at Goto’s lab for low temperature physics
research with the superconducting magnet of 16 T and with low temperature cryostat of
0.3 K, just ask TA or Prof. Goto.
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