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Nuclear Magnetic Resonance (NMR) of protons and other nuclei is a common analytical
technique used in physics, chemistry, and medicine. While Larmor precession and Rabi oscillations
describe basic spin behaviors, they do not account for relaxation, and relaxation times can be used
to characterize materials. Here, we determine the 77 and T» relaxation times of light and heavy
mineral oil using inversion recovery and Meiboom-Gill pulse techniques as T1 (light) = 66.1 +2.4 ms,
T1(heavy) = 34.5 £ 2.0 ms, T>(light) = 31.6 & 2.0 ms, and T:(heavy) = 12.16 £+ 0.95 ms
respectively. Additionally, we determined the T relaxation times of aqueous Cu2SOy4 solutions at
different molar concentrations using inversion recovery pulse techniques as 77(0) = 780 £ 160 ms,
T1(0.063) = 19.99 &+ 0.77 ms, and 71(0.125) = 13.77 4+ 0.93 ms. These results indicate that heavy
mineral oil has stronger spin-lattice and dephasing interactions than light mineral oil, and that
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introducing magnetic impurities is an effective way to reach equilibrium more quickly.

INTRODUCTION

Particles with spin respond to magnetic fields accord-
ing to their gyromagnetic ratio . In particular in a static
field By, by Zeeman splitting, energy levels E are bro-
ken into E + ymhBy and E — ymhBy. This splitting
introduces a frequency of oscillation wg = By, corre-
sponding to the Larmor precession of the spin in the field.
This frequency happens to be in the radiofrequency (RF)
band for protons and neutrons, and their composite nu-
clei. When driven at this resonant frequency, nuclear spin
states can be flipped and rotated by carefully selecting
the duration of RF pulses.

The precise measurement of nuclear responses to ap-
plied RF fields has enabled accurate imaging that yields
precise structural and density characteristics of materi-
als, including humans for medical diagnostic purposes.

For a spin, the state [¢(¢)) = a(t)| 1) 4+ b(¢)| ), where
a and b are complex coeflicients, evolves according to the
Schrédinger Equation:

HOW(0) = ih o [9(0) (1)

Where the Hamiltonian in the presence of a magnetic
field B in terms of the spin matrices o is:

H(t) = —B(t) o (2)

Here we consider a specific form where B; << By and
the total field experienced by the spins depends on what
the RF field is and whether it is on or off:

B(t) = By + {Bl [COS(WOt + (ZS)QA? + Sin((d()t + (ZS)?)}
3)

As mentioned above, the solution for the evolution of
the wavefunction in the presence of a uniform magnetic

field is Larmor precession. However, applying an RF
field on top of the constant field leads to Rabi Oscil-
lations. Mathematically, the Bloch Equations describe
the macroscopic nuclear magnetization, M; = N(S;), in
the rotating frame of the spins:

d]\{i;(t) =y(M(t) x B(t))x - M;(t) W

dJ\/;flyt(t) =~y(M(t) x B(t))y — M;(t) ®
2

dﬂfft(t) =(M(t) x B(t))- - M:;ft) %0 v

Here we note the appearance of two relaxation times:
Ty and T,. T is the time scale on which equilibrium is
reestablished after the spin system is exposed to the RF
field. In particular, following exposure to an RF field
that flips the spins, a t, pulse, the spins relax as:

M_(t) = Mp(2e~ "™ — 1) (7)

T5 is the time scale on which the phases of the spins
decohere due to inhomogeneities in the field and environ-
ment, resulting in a decreased spin echo amplitude. In
particular, following exposure to an RF field that flips
the spins into the xy plane, a t, /o pulse, the spins relax
as:

M,y (t) = Moe /T2 (8)

We subjected light and heavy mineral oils to RF field
pulses and measured the T; and 15 relaxation behaviors
using ¢, and t/5 pulses and Meiboom-Gill pulse pat-
terns respectively. We found that the 77 and 75 times
are shorter in the heavy oil than in the light oil, indicat-
ing that heavy mineral oil has stronger spin-lattice and
dephasing interactions than light mineral oil. Addition-
ally, we considered the effect of the magnetic impurity
CuySO4 on the T relaxation time, and found that in-
creasing impurities hastened relaxation.
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FIG. 1. Experimental setup showing sample, and fields. The
sample is placed inside a solenoid between two permanent
magnets. The permanent magnets provide By ~ 0.5 T and
Vrr provides either By =0 or a By = 0.01 T radiofrequency
field at wo = 21.47 MHz. The signal detector is next to the
solenoid.

EXPERIMENTAL METHODS

We used four pieces of equipment to measure the NMR
response of liquid samples to pulsed RF magnetic fields.
Specifically, they are a Pulsed NMR Spectrometer, Cor-
rection Box, Permanent Magnet/Sample Enclosure, and
Oscilloscope. The NMR, Spectrometer was used to gen-
erate RF pulsed signals as described below, and to divide
the response into in-phase and quadrature signals. The
correction box was used to correct for non-uniformities in
the field of the permanent magnet, which Stuart did, and
could have been used to introduce a gradient to measure
the free induction decay (FID) time T5. The enclosure
held the samples, permanent magnet, RF solenoid, and
signal detector. The input signals and output signals
were measured on a digital oscilloscope.

We first determined the fields generated by the per-
manent magnet, the strength RF field, the Rabi Flop-
ping frequency, and consequently the time for = and /2
pulses. Then through measurement of the NMR response
of protons in light and heavy mineral oil, and water with
varying concentrations of CusSO4 magnetic impurities
to pulsed RF fields, we determined the spin-lattice relax-
ation time 77, and the decoherence time T5.

Field Strengths

In a constant magnetic field, spins precess at the Lar-
mor frequency:

wo = vBo (9)
Equivalently:
wo
By = — 10
0=" (10)

We determined the static field By by determining res-
onant frequency of our samples. We measured the re-
sponse to pulses of different frequencies and found the

Rabi Flopping with Varying Pulse Time
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FIG. 2. We measured the in-phase voltage response di-
rectly following RF pulses with durations that varied from
0 ps to 8 ps. Theoretically voltages are sinusoidal in time
with angular frequency Rabi Frequency wi = yB;. We fit-
ted our data with a sinusoidal curve and determined that
tor = 1/2mwr = 12.531 £ 0.025 us.

largest response at 21.4768 4+ 0.0051 MHz, which for
Yproton = 42.5781 MHz/T corresponds to:

By = 0.50441 £ 0.00012 T (11)
In an RF field, spins precess at the Rabi Frequency:
w1 = ’yBl (12)

Equivalently, the RF field strength is given by:

2w
By = 13
! ’thﬂ‘ ( )

We then measured the Rabi Flopping frequency by
varying pulse time from 0 to 8 pus, and measuring the
in-phase response directly following the pulse (we ad-
justed the phase so that the quadrature response was
zero). Substituting for the gyromagnetic ratio of the pro-
ton and determining to, = 12.531 4+ 0.025 us by fitting
our data as shown in Fig. 2, we find:

By = 0.011777 + 0.000023 T (14)

RF Pulses and Data Acquisition

From the strength of the RF field that we determined
above, we found the period of Rabi Flopping t9,, and
now define the following RF pulse durations:

tr = 6.30 us (15)
tej2 = 3.14 ps (16)

For each measurement, the data acquisition scheme
was the same: Madeline adjusted the relaxation time 7,
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FIG. 3. RF pulse sequence for 71 measurements. We varied
7 from 1 ms to 500 ms and used ¢t = 6.30 us, t,/2 = 3.14 us,
and trecycle = 1000 ms. We measured the in-phase and
quadrature voltages directly following ¢, /» to determine 77.
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FIG. 4. RF pulse sequence for T> measurements. We varied
7 from 10 ms to 90 ms and used t, o = 3.14 us, t= = 6.30 ps,
and frecycle = 500 ms. We measured the in-phase and quadra-
ture voltages directly following ¢, to determine T5.

Spenser measured the pulse amplitudes using the oscil-
liscope, and Joshua recorded the times and amplitudes.

To measure T} we used a t, pulse to flip the spins,
then waited variable relaxation times 7, then measured
their amplitude after a ¢/, pulse. We then recycled the
signal. This pulse is shown in Fig. 3.

To measure T5 we used a t, /5 pulse to rotate the spins
from the z-axis into the zy plane, measured the ampli-
tude of the spin-echo, and recycled the signal. This pulse
is shown in Fig. 4. Since this method of measurement for
T5 is not very efficient, we only used it for the light min-
eral oil. In general, we measured 75 by using a Meiboom-
Gill pulse pattern. This involves an initial ¢, /5 pulse, and
a relaxation time of 7 followed by multiple (in our case,
10) ¢, pulses to regroup the dephased spins followed by
relaxation times of 27, and measured the decreasing am-
plitude of spin echos. This pulse is shown in Fig. 5.
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FIG. 5. RF pulse sequence for Meiboom-Gill T mea-
surements. We used 7 = 10 ms and 7 = 4 ms and used
tr/2 = 3.14 ps, tr = 6.30 pus. We measured the amplitude of
each spin echo (in between each) ¢, pulse to determine 7.

T, Relaxation in Light and Heavy Mineral Oils
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FIG. 6. T relaxation is faster for heavy oil than for light oil,
where we have Ti(light) = 66.1 &+ 2.4 ms, and Ti(heavy) =
34.5 + 2.0 ms. This indicates that heavy oil has a stronger
spin-lattice interaction than light oil. Error bars are of order
the marker size.
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FIG. 7. T5 relaxation is faster for heavy oil than for light oil,
where we have T>(light) = 31.6 £ 2.0 ms, and Tz(heavy) =
12.16 + 0.95 ms. This indicates that heavy oil has a stronger
dephasing interactions than light oil. Additionally, we note
that spin decoherence is faster than spin-lattice relaxation,
T> < T4. Error bars are of order the marker size.

Samples and Measurements

We used a light mineral oil sample, a heavy mineral oil
sample, a distilled water sample, a 0.0625 molar aqueous
CuyS0, solution, and a 0.125 molar aqueous CuySOy4
solution. We determined the optimal insertion depth for
the maximum signal in the sample enclosure and held
them in place using rubber o-rings.

We then used RF field pulses to manipulate the
spins using ¢, and tr/5 pulses and then measured the
relaxation behavior as described above and in Figs. 3-5.
Note that we adjusted the phase of the RF pulse so that
the voltage was entirely in-phase and quadrature was 0.



Inverse of T; versus Cu,SO4 Concentration
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FIG. 8. We observe a fairly linear relationship between the
inverse of 71 and the molar concentration of the magnetic im-
purity Cu2SO4. As expected, with increasing impurity con-
centration, equilibrium is reached more quickly.

Following a t, pulse and a decay time of 7, we expect
to measure a probe voltage of:

V(1) = Vo(2e /T — 1) (17)

Following a t, /» pulse and a decay time of 7, we expect
to measure a probe voltage of:

V(r) = Voe /T2 (18)

We then fit the data to these functions using least
squares fits as shown in Fig. 6 and Fig. 7. Using a sim-
ilar fit, we determined 7} for the aqueous solutions and
plotted the inverses in Fig. 8.

RESULTS

We determined the 77 and T, relaxation times of
light and heavy mineral oil using inversion recovery and
Meiboom-Gill pulse techniques as Tj(light) = 66.1 +
2.4 ms, T (heavy) = 34.5 £ 2.0 ms, T(light) = 31.6 +
2.0 ms, and Ty(heavy) = 12.16 + 0.95 ms respectively.
Additionally, we determined the T} relaxation times of
aqueous CuySO4 solutions at different molar concen-
trations using inversion recovery pulse techniques as
T1(0) = 780 £ 160 ms, 771(0.063) = 19.99 + 0.77 ms, and
T1(0.125) = 13.77 £ 0.93 ms. The uncertainties reported
represent those of least squares fits and do not incorpo-
rate possible systematic or additional random errors.

Error Analysis

We set the driving (resonant) frequency to six signifi-
cant figures, and set pulse times to three significant fig-
ures. Additionally, we determined By and B; to four
significant figures. We believe that the biggest source of
error in the experiment was the measurement of voltages
using the oscilloscope, where measurements were accu-
rate to at most two significant figures, but the first peaks
following the pulses were often unclear. We believe that
if we had repeated the experiment with a different phase
shift, this might have made the peaks clearer.

Discussion

We observe good agreement between the theory of re-
laxation and our experimental measurements. In partic-
ular, following a ¢, pulse, voltages range from +V} to
—Vo, and following a ¢,/ pulse voltages range from +Vj
to 0, in correspondence with the expectations, Eq. (7)
and Eq. (8), for 77 and T relaxations respectively. We
observe that To < Tj for all samples. Additionally, we
find that 77 relaxation time varies inversely with con-
centration of magnetic impurities, in agreement with the
theory of concentration gradients from fluctuations.

CONCLUSIONS

Following manipulation, nuclear spins relax to align
with a net magnetization in the direction of a perma-
nent field. The rate at which they do so depends on
density/viscosity as we measured that heavy mineral oil
reequilibrates faster than light mineral oil. Addition-
ally, the presence of magnetic impurities, such as CusSOy4
greatly speeds up reequilibration. If we were to repeat the
experiment, we would like to have determined whether
the difference between light and heavy mineral oil was
due to their density or viscosity. We could compare these
by measuring 77 and T; for a variety of light-heavy mix-
tures at a variety of temperatures-viscosities.
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