|. INTRODUCTION

A. OVERVIEW OF THE INSTRUMENT

Congratulations, you have acquired for your students théewaosatile, sensitive, rugged and
reliable nuclear magnetic resonance spectrometer ddssgeeifically for instruction. The
specifications of this unit rival any research grade iarthis frequency range in terms of
sensitivity, stability, capabilities and state- ogétart electronics. And yet, the unit was designed
from the outset for student instruction. By that wamthat students, and not a computer, set all
of the experimental parameters. Students can make mistakes including miswiring the
spectrometer and incorrectly setting any and all optir@ameters without damaging the unit. For
the one case where incorrect wiring might do some daniagenit has special connectors which
make those connections impossible with the cablesgedy

All of the data is presented in analog form for exatimeon a digital storage oscilloscope or a
computer. Students (and faculty) can then choose hoywiikh to perform data reduction or
analysis. No proprietary software programs are needegdrate the unit, so no software updates
are needed. TeachSpin is convinced that the “volt'neiter go out of style, and that the mode of
data storage and analysis is a choice best left tmdihadual user. Although data storage and
analysis hardware and software is changing so rapidiyat is “hot” today may be obsolete
tomorrow, your TeachSpin spectrometer, with its analaigut signals, will be capable of taking
research grade data long into the future.

Our first NMR instrument PS1-A,B is no longer availdtdeause some of its essential electronics
components are no longer being manufactured. (It costitaosvever, to teach students pulsed
NMR spectroscopy of protons at more than 170 institudirever the world.) PS2-Ais a
completely redesigned spectrometer. The many differemaksmnovations are presented in the
following list.

1. Students can study NMR signals fromo types of nuclei, protons (hydrogen nuclei)
and fluorine. Since the field of the permanent magnetmstant, this is accomplished
by changing the spectrometer frequency.

PS2-A is both a pulsed and a continuous wave (CW) spester.

The unit has both amplitude (envelope) and phase serdtiection built into its
receiver.

The RF probe head has a single coil and @ B(put impedance; a matched unit.
The field and frequency have increased to 21 MHz pratore§onance.
The magnetic field is stabilized to 1 part if @0er a 20 minute interval.

Adjustable electric shim coils that can be useddease the magnetic field
homogeneity are part of the RF probe system. Thewlsarbe used to create known
gradients for measuring diffusion as well as for one-dsaieral imaging.

8. The homogeneous high magnetic field allows direct deteof inequivalent fluorine
nuclei (chemical shifts) in the free induction decayal.
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9. A Lock-In detection module can detect CW signals frolds with wide lines.
10. Both magnetic field and RF frequency sweeps are bdit studying CW resonance.

11. Digital clock stability in both the RF frequency ahd pulse width synthesis are integral
to the design.

12. The receiver recovery time (after pulse) has baproved by a factor of five to
approximately 1Qis, making signals from “soft” solids available for study.

The electronics system was designed by Dr. NormarsiBawbthe Princeton University Physics
Department. Norman is a staff scientist in the “gya@roup” and the chief engineer of WMAP,
the satellite that has been sensing and mapping tlerapiges in the microwave radiation left
over from the Big Bang of the early universe. He dissigned the PS-1 A and B whose well
deserved reputation for reliability, as well as serisitiis known world-wide. Norman has been
involved with TeachSpin from its 1992 inception.

Nuclear magnetic resonance is a large and mature figldysfcs. There certainly is a lot to learn
and a real potential for a student to explore his ooharideas in this area, perhaps even to find a
real research project. We cannot think of a betigrument for students to pursue their own open-
ended sets of experiments. But a new student should mairbielated by the prospect of learning
this vast subject. TeachSpin has outlined a manageapléeo begin the study of NMR. Students
can begin with straight-forward experiments that wiltelep their confidence and understanding
and then branch out to more advanced measurementsinsthisnent is accessible, after all, it

was designed from the moment of inception for the studénjoy!

. OUTLINE OF THE PHYSICS

B.1 Brief History

In 1946, nuclear magnetic resonance (NMR) in condensedmuas discovered simultaneously
by Edward Purcell at Harvard and Felix Bloch at Stanémidg different instrumentation and
techniques. Both groups, however, placed a sample cogtansignetic nuclei in a uniform
magnetic field and observed the response of those mo@etontinuous (CW) radio frequency
magnetic field as the field was tuned through resonanbe discovery opened up a new type of
spectroscopy which has become one of the most impgddals available to physicists, chemists,
geologists, and biologists.

In 1950, Erwin Hahn, a postdoctoral fellow at the Unikeif llinois, again placing his sample of
condensed matter in a uniform magnetic field, exploreddsponse of the magnetic nuclei to pulse
bursts of these same radio frequency (RF) magnetic.figldéin was interested in observing
transient effects on the magnetic nuclei after thdo&Sts. During these experiments, he observed
a “spin echo” signal; that is, a signal from the maignaiclei that occurred after a two pulse
sequence, at a time equal to the delay time betwedwthpulses. This discovery, and his brilliant
analysis of the experiments, gave birth to a newnigale for studying magnetic resonance. This
pulse method originally had only a few practitioners, i it is the method of choice for most
laboratories. For the first twenty years aftediscovery, continuous wave (CW) magnetic
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resonance apparatus was used in almost every researistch laboratory, and no commercial
pulsed NMR instruments were available. However, sli®&6 when Ernst and Anderson showed
that high resolution NMR spectroscopy can be achieved #urier transforms of the transient
response, and cheap fast computers made this calculadictical, pulsed NMR has become the
dominant commercial instrumentation for most reseapglications.

Widely used in physics and chemistry to characterizemadg, NMR is a microscopic method in
the sense that it probes the nuclei and their immesiateundings. Within a certain solid, for
instance, there may be a variety of local magnetids. A magnetic measurement by a
magnetometer measures an average field. NMR, on liee loand, is capable of measuring the
local field at atomic nuclei. Another example wouldab@olecule containing a several atoms of
the same element, for instance carbon, in variotexeiift configurations. The NMR signal will be
different for each one of these configurations. Theraacopic nature of the NMR measurement
makes it extremely useful, and often unique. Of coursadar to have a signal of detectable
magnitude, we need many molecules of the same configutatioccur within the sample. The
nuclei investigated in this set of experiments, hydrdgeston) and fluorine, are very abundant
and give particularly strong signals.

This technology has also found its way into medicikR| (magnetic resonance imaging; the

word “nuclear” being removed to relieve the fears efsbientifically illiterate public) scans are
revolutionizing radiology. This imaging technique seemiseg@ompletely noninvasive, produces
remarkable three dimensional images, and has the @tengive physicians detailed information
about the inner working of living systems. For exampieliminary work has already shown that
blood flow patterns in both the brain and the heantmastudied without dangerous catheterization
or the injection of radioactive isotopes. Someday) BtRans may be able to pinpoint malignant
tissue without biopsies. MRI is only in its adolesegrand we will see many more applications of
this diagnostic tool in the coming years.

You have purchased a pulsed and CW NMR spectrometer desigeddafyefor teaching. The
PS2-A is a complete spectrometer, including the magnemehdemperature controller, pulse
generator, oscillator, pulse amplifier, sensitive nemeilinear amplitude and phase sensitive
detector, sample probe, gradient coils with dedicated duegnlated supply and a CW lock-in
detector. You need only supply the oscilloscope and thetaudes you wish to study. Now you are
ready to learn the fundamentals of both CW and pulsedarunliegnetic resonance spectroscopy.

Nuclear magnetic resonance is a vast subject. Tahewa$ands of research papers and hundreds
of books have been published on NMR. We will not apitetm explain or even to summarize this
literature. Some of you may wish to do only a fewpdgnexperiments with the apparatus and
achieve a basic conceptual understanding, while othgraimato understand the details of the
density matrix formulation of relaxation processes @mdome original research. The likelihood
is that the majority of students will work somewherbdetween these two extremes. In this
section we will provide a brief theoretical introductim many important ideas of PNMR. This
will help you get started and can be referred to latérese remarks will be brief, not completely
worked out from first principles, and not intended as atgutesfor a careful study of the literature
and published texts. An extensive annotated bibliograpmgportant papers and books on the
subject is provided at the end of this section.
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B.2 Theory

Magnetic resonance is observed in systems wheredbgeatic constituents have both a magnetic
moment and an angular momentum. Many, but not all,eo$table nuclei of ordinary matter have
this property. In “classical physics” terms, magneticlai act like a small spinning bar magnet.

For this instrument, we will be concerned with omlptnuclei, the nucleus of hydrogen, which is a
single proton, and the nucleus of fluorine which contboté protons and neutrons. Both nuclei
can be thought of as small spinning bar magnets witagnatic momenti and an angular
momentum J, which are related by the vector equation:

no=yJ (1.2)
The proportionality factoy is called the “gyromagnetic ratio” and its values arnguato each
kind of nucleus in the experiment.

The nuclear angular momentum is quantized in units af:
J=nl (1.2)
wherel is the “spin” of the nucleus.

The magnetic energy U of the nucleus in an external etegield is:

U=-p-B (1.3)
If the magnetic field is in the z-direction, then thagnetic energy is:
U=-puBo=-771,B, (1.4)
Quantum mechanics requires that the allowed vajuesi| be quantized as
m=L1-1,1-2, 1-3... -l (1.5)

Both of the nuclei we are investigating, the protord{bgen nucleus) and the fluorine nucleus
have spin one half (I = 1/2). Therefore, the allowaldes of } are simply

m==1/2 (1.6)

This means that there are only two magnetic eneeggsfor these nuclei when residing in a
constant magnetic field)BThese states are described in Figure 1.1.

The energy separation between the two

statesAU, can be written in terms of an B=0 B =Bo
angular frequency or as ey,
0= =11, Ps
O~ AU=hyey =yh By
or
™ 1
o :’YBO (1.7) m, =+

Figure 1.1 Energy State Separation in a Magnetic Field



Equation 1.7wo = yBo describes the fundamental resonance condition.

For the proton: Yproon = 2.675 x 10rad/sec-tesla
(1.8)
For Fluorine: Yiworine = 2.517 x 1brad/sec-tesla

For the proton, the numerical relationship betweeneakenant frequency and the constant
magnetic field is worth remembering:

foroton(MHZ) = 42.58 B tesla (1.9)

If a one milliliter (ml) sample of water (containiadpout 7x1&° protons) is placed in a magnetic
field in the z-direction, a nuclear magnetization ia thdirection eventually becomes established.
This nuclear magnetization occurs because of unequal popuidtihe two possible quantum
states. If Nand N are the number of spins per unit volume in the respestatesthen the
population ratio (N/ N1), in thermal equilibrium, is given by the Boltzmannotta as:

N AU hay
Y2 _gKT =gkT (1.10)
Ny
and the magnetization is
Mz = (N-N2) p (1.12)

The thermal equilibrium magnetization per unit volumeNanagnetic moments is

1B K°B
Moy = Nutanh ~ N 1.12
0 n %) KT ( )

where N = N+ N,

This magnetization doe®t appear instantaneously when the sample is placed mateetic
field. It takes a finite time for the magnetizati@nbuild up to its equilibrium value along the
direction of the magnetic field (which we define aszkexis). For most systems, the z-
component of the magnetization is observed to grow eqa@fly as depicted in Figure 1.2.
The differential equation that describes such a

process assumes that the rate of approach to

equilibrium is proportional to the difference between

the equilibrium valueM ; and the instantaneous

value M, (t):
sz(t) _ MO_MZ

1.13
dt T ( )

where T is called the spin-lattice relaxation time
Figure 1.2 Magnetization vs. time for a
sample placed in a magnetic field



If the unmagnetized sample is placed in a magnetic fielthet att = OM, = 0, then direct
integration of equation 1.13, with these initial condiiogives:

t

M, (t) = Mo(l—e_Tl) (1.14)

The rate at which the magnetization approaches itmtiequilibrium value is characteristic of

the particular sample. Typical values range from micosés to seconds. What makes one
material take 10 microseconds to reach equilibrium whitgheer material (also with protons as the
nuclear magnets) takes 3 seconds? Obviously, some meaesse material make the protons
“relax” towards equilibrium at different rates. The stadyhese processes is one of the major
topics in magnetic resonance.

Although we will not attempt to discuss these processdstail, a few ideas are worth noting. In
thermal equilibrium, more protons are in the lower gynetate than the upper. When the
unmagnetized sample was first put in the magnet, the motmupied the two states equally that
is ( N1 = N2). During the magnetization process energy must ftmm the nucleto the
surroundings, since the magnetic energy from the spiegliced. The surroundings which absorb
this energy are referred to as “the lattice”, everlifuids or gases. Thus, the name “spin-lattice”
relaxation time for the characteristic time of threergy flow.

However, there is more than energy flow that ocauthkis process of magnetization. Each proton
has angular momentum (as well as a magnetic momentharahgular momentum must also be
transferred from the spins to the surroundings during magtieti. In quantum mechanical

terms, the “lattice” must have angular momentum siataegable when a spin goes from+a1+-1/2

to m = +1/2. In classical physics terms, the spins mustrexme a torque capable of changing
their angular momentum. The existence of such statesually the critical determining factor in
explaining the enormous differences yfdr various materials. Pulsed NMR is ideally suited for
making precise measurements of this important relaxéitien The pulse technique gives a direct
and unambiguous measurement, where as CW spectrometers eedifficult, indirect, and
imprecise technique to measure the same quantity.

What about magnetization in the x-y plane? In theeqallibrium the onlynet magnetization of
the sample is M the magnetization along the external constant megredtl. This can be
understood from a simple classical model of the sysié&nk of placing a collection of tiny
current loops in a magnetic field. The torguen the loop ig. x B and that torque causes the
angular momentum of the loop to change, as given by:

dJ dJ
=— or xB=— 1.15
T : dt (1.15)



For our nuclei, equation 1.15 becomes: B,

1d ‘ >
uxB :T/d_':‘ (1.16) (e

Equation 1.16 is the classical equation describing the time
variation of the magnetic moment of the proton inagnetic
field. It can be shown from equation 1.16 that the magnet
moment will execute precessional motion, depicted in Tt&
precessional frequeney = yBy, is just theresonant frequency in
equation 1.7.

2
If we add up all the magnetization for the®10uclei in our sample M
in thermal equilibrium, th@, components sum to MMbut the x Ei

z=e ) gure 1.3

and y components of the individual magnetic moments addrto
For the x-components of every nucleus to add up to soméehbte must be a definite phase
relationship among all the precessing spins.  For pleanve might start the precessional motion
with the x-component of the spins lined up along theig-aRut that is not the case for a sample
simply placed in a magnet. In thermal equilibrium, thae spmponents in the x-y plane are
oriented randomly. Thus, in thermal equilibrium thenedgransverse (x or y) component of the
net magnetization of the sample. As we shall soenlsmwvever, there is a way ¢oeate such a
transverse magnetization using radio frequency pulsed mad@akets. The idea is to quickly
rotate the thermal equilibrium magnetization ifo the x-y plane and thus create a temporary M
and M. Let’s see how this is done.

Equation 1.16 can be generalized to describe the clasgtiain of the net magnetization of the
entire sample. It then becomes

%—'\t" =yM xB (1.17)

whereB is any magnetic field, including time dependent rotatiaig gL

Suppose we apply not only a constant magnetic E‘eolﬁ , but a rotating (circularly polarized)
magnetic field of angular frequenaeythe x-y plane so thital field is written as’

B(t) = B, cosai + B, sinat] + Byk (1.18)



The analysis of the magnetization in this complicaied dependent magnetic field can best be
carried out in a non-inertial rotating coordinate gyst& he coordinate system of choice is rotating
at the same angular frequency as the rotating magredtiath its axis in the direction of the
static magnetic field. In thiotating coordinate system, the rotating magnetic field appears to be
stationary and aligned along the x* axis (Figure 1.4). Hewerom the point of view of the
rotating coordinate systemg8nd B are not the only magnetic fields. Affective field along the
z* direction, of _ & g+ must also be included.

y
Let’s justify this new effective magnetic field withet 7%
following physical argument.

Equations 1.16 and 1.17 predict the precessional B,
motion of a magnetization in a constant magnetic

a
field 5012 . Suppose one observes this precessional y

motion from a rotating coordinate system which L
rotatesat the precessional frequency In this frame x
of reference the magnetization appears stationary, in / z
some fixed position. The only way a magnetization
can remain fixed in space is if there is no torquet.on i
If the magnetic field is zero in the reference frame,
then the torque ol is always zero no matter what

directionM is oriented. The magnetic field is zero (in

the rotating frame) if we add the effective fiel¢ i+
y

which is equal tdBolz*

os}
=

*

Figure 1.4

Transforming the magnetic field expression in equatiolB8(linto such a rotating coordinate
system, the total magnet field in the rotating frarmesB

a;\

B*ef = 1iA*+(Bo_;)k (1.19)

Figure 1.4 is a representation of Equation 1.19. The céssjoation of motion of the
magnetization as observed in the rotating frame i the

M = ymxB*,,

1.20
dt rot ( )

which shows tha will precess about B¥ in the rotating frame.

"What is actually applied is an oscillating fiel) cosati . But that can be decomposed into two
counter rotating fields, (cosati +sinatj) + B, (cosati —sinatj) . One of the counter rotating fields can
be shown to have no practical affects on the spiesyand can be ignored in this analysis.



Suppose now, we create a rotating magnetic field agadreyw, as such that

%: BO or w= J’BO = (121)
In that caseB* .; = B,i *, a constant magnetic field z*

in the x* direction (Figure 1.5). Then, the
magnetization Mbegins to precess about this
magnetic field at a rat@ =y By, (in the rotating
frame). If weturn off the B field at the instant the A
magnetization reaches the x-y plane, we will have
created a transient (non-thermal equilibrium) Q
situation where thens a net magnetization in the x 4

y plane. If this rotating field is applied for twice the¢
time the transient magnetization will b&l-, and if it v
is left on four times as long the magnetization will
be back where it started, with,lélong the z* axis.
These are called:

90° om/2 pulse— M,— M, g
180° o pulse > M,— —-M, _
360° orRpulse—» M,— M, Figure 1.5

154

By

In the laboratory (or rest) frame, where the expenims actually carried out, the magnetization

not only precesses about, But rotates abouk during the pulselt is not possible, however, to
observe the magnetization during the pulse Pulsed NMR signals are observed AFTER the
transmitter pulse is over? But, what is thereliseove AFTER the transmitter pulse is over? The

spectrometer detects thet magnetization precessing about the constant magnetic fieBt)lz
in the x-y plane. Nothing Else!

Suppose a 90%(2) pulse is imposed on a samplehirrmal equilibrium . The net equilibrium
magnetization will be rotated into the x-y planeend) after the pulse, it will precess ab@yk .

But the x-y magnetization will not last foreverorfmost systems, this magnetization decays
exponentially as shown in Figure 1.6. The difféedrequations which describe the deaayhe
rotating coordinate system are

am M
My My nd Y - ¥ (1.22)
whose solutions are
t t
My =Mge 2 and My =Mge ™ (1.23)

where the characteristic decay timeid called theSpin-Spin Relaxation Time



One simple way to understand this
relaxation process, from the classical
perspective, is to recall that each
nucleus is itself a magnet and produces
a magnetic field at its neighbors.
Therefore, for a given distribution of
nuclei, there must also be a distribution
of local fields at the various nucleus
sites. Thus, the nuclei precess about
Bok with a distribution of frequencies,
not a single frequenayo. Time

Magnetization

L
50 60

Figure 1.6

Even if all the nuclei begin in phase (after the 90° putbey will soon get out of phase and the
net x-y magnetization will eventually go to zero. &amurement of;] the decay constant of the
X-y magnetization, gives information about the distigiudf local fields at the nuclear sites.

From this analysis, it would appear that the spin-spgaxasion time | can be determined by
simply plotting the decay of Mor My) after a 90° pulse. This signal is called the freseession

or freeinduction decay (FID). If the field of the magnet were perfectly wnih over the entire
sample volume, then the time constant associatedétfree induction decay would, in fact, be
T,. But, in most cases, it is the nonuniformity ¢ thagnet'’s field over the sample that is
responsible for the observed decay constant of the FADits center, the PS2-A’s magnet has
sufficient uniformity to produce at least a .3 millisedaecay time. Using the electric shim coils
(See Section II.F), students can improve the homogeseithat decay time due to the magnet
(called &* in the jargon) is as long as 5 milliseconds, and, plys#tmger. Thus, for a sample
whose £< 5 ms, the free induction decay constant is also it the sample. But what if;Tis
actually 5 msec or longer? The observed decay wilbstiibout 5 ms. Here is where the genius
of Erwin Hahn’s discovery of the spin echo plays rnigc@l role.

Before the invention of pulsed NMR, the only ways tasure the real,Tvere to improve the
magnet’s homogeneity and to make the sample smaller. PBIMR changed this.
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Suppose we use a two pulse sequence, the first one 90° awtdimel one, turned on a time
later, a 180° pulse. What happens? Figure 1.7 shows thespglsence and Figure 1.8 shows the
progression of the magnetization in the rotating frame.

L 90© 180 ©
echo
FID
— i'_ t, _’I |‘_2tw Time
_ 2T »
Figure 1.7: A 90° - 180° Pulse Sequence

Z* z* Z*

A (a) A (b) A (C)

A t=0 L t=t, t=7

M, N 90°

>y
B1
x* x*
z* z*
A A
(d) (e)
t=T1+2t, t=27
M
o y* “QEFho
M ( 71 > < > y*
‘\ l’
slowy TRl /
\\ - B1 ///
X , 4
~._  180° _.~ X

Figure 1.8 Progression of the Magnetization in the Rotating Frame

a) Thermal equilibrium magnetizationMlong the z axis before the rf pulse.

b) Mgrotated to the y-axis after the 90° pulse.

¢) The magnetization in the x-y plane is decreasingusscaome of the spins.s are in a
higher field, and other spinamy,,, are in a lower field static field.

d) The spins are rotated 180° (visualize flipping the entiyeplane like a pancake on the
griddle) by the pulsed if magnetic field.

e) The rephasing the three magnetization “bundles”rim fanecho at t = 2t.
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Study the diagrams in Figures 1.7 and 1.8 carefully. The 180° gllases the x-y magnetization
to rephase to the value it would have had with a penfegnet.

The echo process is analogous to an egalitarian andd®Cate for a kindergarten class, a race
that makes all the children in the class winnergnatter how fast they can run. What if the race
had the following rules? All the children are to lugeat the starting line. At the first whistle,

they are to run as fast as they can down the fietdthésecond whistle, they are to turn around
and run back toward the starting line. First person baagl! Of course, it is a tie, except for the
ones who “interfere” with one another or fall dow#ss the children run away, the field spreads
out with the fastest ones getting farther and farthead. At some point there is no semblance of
order. On the trip back, as the faster ones overtakslow pokes, who are now in the lead, the
group comes together again “rephasing” as they pass thénga

In Pulsed NMR, the 180° pulse is like that whistle. Thasspi areas of larger field get out of
phase by A6 in a timet. After the 180° pulse, they continue to precess faséer M while the
slower precessing spins do just the opposite. tAtli2he spins return to the in-phase condition
and then again dephase.

Yet some loss of |, magnetization has occurred and the maximum height afdhe is not the
same as the maximum height of the FID. This logsamiverse magnetization occurs because of
stochastic fluctuation in the local fields at the nacktes which is not rephasable by the 180°
pulse. These are the realdrocesses that we are interested in measuring. dohin“real” T,

we use a series of 90°t> 180° pulse experiments, varyingand then plotting the echo height
as a function of time between the FID and the echo.

The transverse magnetization as measured by the maxachorheight is written as:
s
My (27) = Moe 2 (1.24)

That’s enough theory for nawLet's summarize

1. Magnetic resonance is observed in systems wdarssituent particles havwmth a magnetic
moment and angular momentum.

2. The resonant frequency of the system depentiseompplied magnetic field in accordance with
the relationshimn, = yBo where

Yproon = 2.675 x 10 radian/sec-tesla
or
foroton=42.58 MHz/tesla (for protons)

fiuorine = 40.055 MHz/tesla (for fluorine)

3. The thermal equilibrium magnetization is patatiethe applied magnetic field, and approaches
equilibrium following an exponential rise chara&ed by the constant;The spin-lattice
relaxation time.
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4. Classically, the magnetization (which is the vestam of the individual magnetic moments of
the nuclei) obeys the differential equation

dm
—=y(M xB
dt 4 )

whereB may be a time dependent field.
5. Pulsed NMR employs a rotating radio frequency magnetit described by
B(t) = B, cosati + B, sinatj + Byk

6. The easiest way to analyze the motion of the ntagien during and after the rf pulsed
magnetic field is to transform into a rotating coortingystem. If the system is rotating at an
angular frequency along the direction of the magnetic field, a fictitionagnetic field must
be added to the real fields such that the total effecti@gnetic field in the rotating frame is:

Bert = Byl * +(Bo —%)‘2*
7. On resonance = mo = yBo and Boy = By *. In the rotating frame, during the pulse, thespi
precess arouné; .

8. A 90° pulse is one where the pulse is left @t jong enough () for the equilibrium
magnetization Mto rotate to the x-y plane. That is;

w1ty = /2 radians or ,t= T
20
But
w1 =vB; (since, on resonance; B the only field
in the rotating frame.)
So,

t, 00°) = i duration of the 90° pulse (1.25)

9. T,- the spin-spin relaxation time - is the charast&ridecay time for the nuclear magnetization
in the x-y (or transverse) plane.

10. The spin-echo experiments allow the measureofentin the presence of a nonuniform static
magnetic field. For those cases where the fregctmmwh decay time constant, (sometimes
written T>*) is shorter than the reab;lthe decay of the echo envelope’s maximum heigints
various timeg, gives the real I
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C. REFERENCES

The following is a rather long list, and you certainiil not have the time all of them. In fact,
you may only have time to read a rather small pergenthwhat is listed. But, you must take
the time to read some of them so you have a basicstaddng of magnetic resonance
spectroscopy.

C.1 Books

C.P. Slichter: “Principles of Magnetic Resonancegrii®jer Series in Solid-State Sciences 1
Third Edition (1990) Springer-Verlag
A complete text with problems, clear explanations, appae for advanced undergraduate
or graduate level student&ny serious student of magnetic resonance should own it.
Everyone should read at least some of it. This neéereontains a nearly complete
bibliography of the important papers published in both NREBSR spectroscopy. Consult
this text for references to particular subjects.

T.C. Farrar, E.D. Becker: “Pulsed And Fourier TransfollR”, Academic Press 1971
A good introduction, with simplified mathematics, to thbject. Gives students a
physical feel for the basic ideas of PNMR.

G. E. Pake and T. L. Estle: “The Physical PrincipleElectron Paramagnetic Resonance”,
Benjamin-Cummings, Menlo Park CA (1978)
Don't let the title ESR scare you away from using &xsellent text. It has clear discussions
of important ideas of magnetic resonance, such a®tagng coordinate systems etc.

R. T. Schumacher: “Introduction to Magnetic ResonanBefjamin-Cummings,
Menlo Park CA 1970.

N. Bloembergen: “Nuclear. Magnetic Relaxation”, W.Aerflamin, New York 1961
This is Bloembergen’s Ph.D. thesis, reprinted, bt like no other thesis you will ever read.
Describes some of the classic ideas of magnetic aesenstill very worth reading, you will
see why he is a Nobel Laureate.

A. Abragam: “Principles of Nuclear Magnetism”, Clarend@xford 1961
This text is in a class by itself, but not easytfeg beginner. Abragam has his own way of
describing NMR. Important, but clearly for advanced stuslent

E. R. Andrew, “Nuclear Magnetic Resonance & Cambridgevérsity Press, New York, 1956
A good general discussion of theory, experimental mettadkapplications of
NMR.

C. Kittel “Introduction to Solid State Physics” 5th ealit, Wiley, New York 1976 in Chapter 16.
A reasonable place to begin the subject of magnetanaese, very brief, not fully worked
out, but a good first overview;
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D. M. S. Bagguley editor: “Pulsed Magnetic Resonance: NEER, and Optics, a Recognition of
E.. L. Hahn, Clarendon Press, Oxfd@p2.
A wonderful collection of historical reminisces anddem research applications of
pulsed magnetic resonance. Useful for advanced students.

C.2 Papers

E. L. Hahn: “Spin echoes” Phys. Rev 80, 580-594 (1950)
The first report oil PNMR and still a wonderful explaoat worth reading.

H. Y. Carr, E. M. Purcell: Effects of diffusion on érgrecession in nuclear magnetic resonance
experiments. Phys Rev 94, 630-638 (1954)
Anything Ed Purcell signs his name to is worth readings Tertainly is one such example. A
must for PNMR.

N. Bloembergen, E. M. Purcell, and R. B. Pound: “Relaragffects in Nuclear Magnetic
Resonance absorption,” Phys. Rev. 73, 679-712 (1948)
A classic paper describing basic relaxation proces9dMR.

S. Meiboom, D. Gill: Rev of Sci Instruments 29, 6881 (1958)
The description of the phase shift technique that openednulpple pulse techniques to
measuring very longIs in liquids.

K. Symon, “Mechanics” 3d ed. Addison-Wesley, Reading, NI9/(1)
A good place to learn about rotating coordinate systéy, don’'t already understand them.

R. G. Beaver, E. L. Hahn, Scientific American 6, 251 (1984)
A discussion of the echo phenomenon and mechanical memo

- 15



. THE INSTRUMENT
A. RECEIVER MODULE

A.1 Overview

The basic function of the receiver module is to ampii& small voltage induced in the sample coil
by the precessing nuclear spin polarization to a largagimamplitude where it can be easily
displayed on an oscilloscope. After passing through the itoupling circuitry, the signal from
the sample coil is amplified by a fixed gain low noisgéifier (LNA) with approximately 20 dB

of gain and noise figure of approximately 2.5 dB.

Pulsed RF In >_m_ Quarter Wave

Y

RF Out
Line
Bandpass Buffer
Filter Time Const.
N AW
Sample Coil / I% Env Out
7
20dB
Mult. Time Const.
Phase AW
50 Ghm L Splitter J— — I-% IOut
CW RFIn 0
Ref In >_
— 90 Time Const.
: Blankin AW
Blanking In et g — %
- Control T Q Out
Mult.
Figure 2.1

The output of the low noise amplifier is fed into aiadle gain amplifier. The gain of this
amplifier can be varied from 0 to 80 dB using @&n control. Both of these two amplification
stages are designed to have a wide enough bandwidth sheyaan amplify the signals from
both protons and fluorine nuclei, and have fast recowgs for pulsed NMR experiments. The
output of the variable gain stage is then filtered bgraaw band filter to eliminate out-of-band
noise. The center frequency of the narrow band titer be switched between two values,
corresponding to the proton and fluorine resonant freqegnasing th&and switch marked p
and f (for proton and fluorine). A buffered versionlué filter output is available at thF Out
connector.

The output of the filter is also sent to the inputshefénvelope detector and the phase sensitive
detectors. The envelope detector tracks the amplituthes afiput RF voltage and drives tBav.
Out connector on the receiver module. Ti@@ut signal from the phase sensitive detector is the
product of theRef In signal and the filter output, while tiig Out signal is a product of thHeef In
signal shifted 90° and the filter output. By adjusting thespltd theRF Out signal from the
Synthesizer module, you can make these signals correspoimel in-phase and quadrature
components of the NMR signal. The outputs of all tiletectors|(Out, Env. Out, andQ Out)
are filtered by single pole RC filters (6db/octave) dgmeined by the setting of tAHeC control on
the receiver module panel.
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The input section of the receiver module is designed ®irusoth continuous wave (CW) and
pulsed experiments. It functions slightly differentlthese two applications, so they are described
separately. To start with we assume that the racenikis tuned so that it matches the 50 Ohm
impedance of the coaxial cable connecting the sampleodtie Sample Coilconnector on the
receiver module. Chapter lll, Sections C.1 and C.3 desbow the sample probe is tuned to
satisfy this requirement.

A.2 Pulsed Mode Operation

In pulsed mode operation, the pulsed RF output of the syn¢hesodule must be coupled to the
sample coil to produce the Beld that rotates the direction of the nuclear spilafmation.

During the RF pulse, the input of the receiver must rnetfere with the application of the RF
pulse to the sample coil. Once the RF pulse is completanput of the receiver must be coupled
to the sample coil so that is can amplify the inducediBRal, without interference from the
Pulsed RF output of the synthesizer. Essentially,ahgke coil should be connected to the
synthesizer's Pulsed RF output and disconnected fromdéeeeduring RF pulses. Between RF
pulses, the opposite should be true; the sample coil shewldrmected to the receiver input and
disconnected from the synthesizer's Pulsed RF outputFi§e® 2. This entire changeover must
take place in microseconds, so that signals with Shamay be observed. This bit of magic is
performed using non-linear devices called diodes and relststaasmission lines.

Pulsed RF In >_D:§_ Quarter Wave

Line

Sample Coil >

50 Ohms

a) CW RF In

Pulsed RF In >—

Sample Coil > LNA

b)

Pulsed RF In >

Sample Coil >
c)

Figure 2.2 (a) PS2 input section circuit. (b) Recenjaut section operation, RF pulse off.
(c) Receiver input section, Rfem@ation pulse on.
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A.2a Diodes in a Nutshell

For those of you unfamiliar with diodes, a diode is a tearainal device which has very non-linear
current - voltage (I-V) characteristics. The diodeslusdhe receiver module are silicon p-n
junctions, and have |-V characteristics as showngarg 2.3a.

Current Current

anode

cathode

T Voltage
0.6V ~0.6V

T Voltage
~0.6V

a)

b)

Figures 2.3 (a) Single diode characteristics (b) Back-to-back diode characteristics

The current through the diodlemay be roughly described as an exponential functioneof th

voltage applied between the diode's two leads, V
\%

| =1,e% (2-1)

where \§ is about 0.6 V|, is a positive constant, and we take V as positiventhe diode's
anode is more positive that the cathode. For appligdged much smaller thap Very little

current flows, so the diode can be treated as a higldammge, or open circuit. (Actually the diode
has a small amount of capacitance, so a slightly moserate mode would be that of a small
capacitor.) Conversely, applied voltages are large cadgar\p, very large currents flow, so the
diode can be modeled as a low impedance, or short cilcuihe above discussion works when V
> 0 but very little current flows for any value 6 0. The RF signals we are dealing with,
however, are both positive and negative, so ratherubkig single diodes, they are used in 'back-
to-back' pairs, as shown in Figure 2.3b. In this confitamavhen |V| << ¥ the pair of diodes

may be treated as an open circuit, and when |\{ th&y can be treated as a short circuit.

-3



A.2b Operation Pulsed Mode - Between Pulses

The operation of the input section of the receivewbeh pulses can now be understood. (See
Figure 2.2a..) For this discussion we can ignore the mpees# the directional coupler in the
circuit. Between pulses, no signal is coming from thequuRF output of the synthesizer (by
definition!), and the induced voltages in the samplepgroktiuced by the precessing nuclear spin
magnetization is very small (typically 10'si0f) compared to ¥. In this case both back-to-back
diode pairs act like open circuits, so the pulsed RF outpiliecfynthesizer module is effectively
disconnected from the sample coil, and the samplescodnnected to the receiver input amplifier
through thé/4 length of coaxial cable in the receiver module.e(Bigure 2.2b) The back-to-back
diodes across the input of the receiver module havefect eh the very small signal entering the
input of the receiver.

A.2c Operation Pulsed Mode - During RF pulses

During an RF pulse the pulsed RF output of the synthesizéulmewings about £ 25 V. The
diodes connecting the pulsed RF output of the synthesizbe teample coils may therefore be
treated as short circuits (low impedance), so theyttlireannect the pulsed RF output to the
sample coil as desired. (See Figure 2.2a) But wait... Heen@s to be a problem... the back-to-
back diodes across the input of the low noise ampliser seem to have a large voltage applied to
them, and therefore can also be treated as shauitsirdf these are in a low impedance state they
would appear to be shorting the RF applied to the sampleoaiound through th&/4 coaxial

line. In the low impedance state, the impedance oflites is much less than thetb0
characteristic impedance of th&l line, so there is wave reflected from this enchef\{4 line

180° out of phase with the was incident on the diodess réflected wave sets up a standing wave
on the\/4 cable, with a node at the input to the low noise @iep(point Y), and an antinode at

the opposite end of thé4 line (point X). Nodes in the voltage standing waveespond to low
impedance points, while antinodes correspond to high impedaoints. Since the end of thid
cable where the RF pulse is being coupled (point X) fitwarsynthesizer is an antinode, this point
is a high impedance, and may there for be treated egeancircuit! So the back-to-back diodes at
the LNA inputs are not shorting the RF pulse to groundedine)/4 length of cable transforms the
low impedance at its one end to a high impedance athiee end. The RF pulse from the
synthesizer is therefore applied to the sample coé fGgure 2.2c.) as desired.

A.2d Operation Pulsed Mode - Blanking

Even with the back-to-back diodes aud cable, the voltage at the input of the LNA during an RF
pulse is many orders of magnitude larger than the voltalyeed in the sample coil by the
precessing nuclear spin polarization. In order to inauegid recovery after the RF pulse ends,
blanking has been incorporated into the receiver. Filse Programmeroutputs a blanking

signal which starts about 10 ns before the RF pulse bagthends when the RF pulse is complete.
The receiver uses this signal to reduce the gain BHtamplifiers during the RF pulse to prevent
the amplifiers from overloading, and to prevent the damacin the outputs of the detectors from
being charged. The blanking circuitry has the abilitg;ttend the blanking period past the end of
the RF through use of tiiddanking Duration control. This allows for optimizing the blanking
interval to compensate for different sample coil tunings
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A.3 CW Mode Operation

The key to understanding the input section of the receperating in the CW mode is to
understand the operation of the directional coupler. Vdipenating in CW mode the RF signals
applied to the input of the receiver module are alwayd smaugh that the back-to-back diode
pairs can always be treated as in the high impedartee sta

A.3a Directional Couplers in a Nutshell

A directional coupler is a 4 port device that directs $gbatween its various ports depending on
the direction of power flow. Figure 2.4a shows the irfdr a 20 dB directional coupler.

-
- -

( 2048 \ Figure 2.4a Symbol for a 20 dB

a) directional coupler

‘ DUT

b) —

— > Reflected Signal

—
-

20dB
Figure 2.4b Simple reflectometer made

50 Ohms from a directional coupler

Excitation In

Quarter Wave
Line

Sample Coil Py — — LNA

v
"

20dB

Figure 2.4c Receiver input section
operating as a reflectometer

50 Ohms

CW RFIn

(We will assume and ideal lossless coupler for this disong Directional couplers are designed
for specific cable impedances, in the case of the RS2 the reference impedance iI<h0The

20 dB refers to the magnitude of th@ver coupling between the main and coupled ports. If we
connect a signal source to port A of the coupler, 99%epbwer will emerge from port B, 1%
from port D and none from port C, theelated port. Alternately, if we connect the signal souiee t
port B, 99% of the power will emerge from port A, 1% frport C and port D will be isolated.

If the signal is input to port C, 99% of the power is dieddo port D and 1% to port B and port A
is isolated. Finally, port C receives 99% of the poweut to port D while port A gets 1% and
port B is isolated.
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Directional couplers are completely passive devicey fddes no power to operate), and at radio
frequencies are usually made from transformers. Atyioa may be a bit surprised by their
operation, which may seem a bit like magic, but you shmwibe. A partially silvered mirror

placed diagonally in a light beam does the same thinglo/l of caution - there are definite phase
relationships present between the various signals dedabove - the amplitudes of the various
waves must be summed with the appropriate phase facterssignal are input to multiple ports
simultaneously. Finally, when you see a directionapter drawn with only 1 directional port (as
on the from panel of the PS2 receiver) this simplymaghat the unused port is terminated with a
load of the characteristic impedance for which the aruphas designed.

A.3b CW Mode Reflectance Bridge

It is easy to see how to construct a reflectanagbrusing the simple characteristics described
above. (See Figure 2.4c.) The component to be measweadniscted to port A of the directional
coupler, and the output signal is monitored at port B. »&itaion signal is applied to port D of
the coupler and port C is terminated with ab®ad. (This is the unused port which is not shown
on the front of the PS2 receiver module). 99% of th@aban power emerges from port C and 1%
from port A. Since port C is terminated at its chegastic impedance, all the power emerging
from port C is absorbed, and none is reflected backpatoC. The 1% of the excitation power
emerging from port A travels to the sample to be medsuifahe complex impedance of the
component being measured ( commonly referred to as theedender test, or DUT) is Z, the
amplitude reflection coefficient will be

Z=Zg (2.1)
Z+27Z,
with a corresponding power reflection coefficient of
Z-2,/°
0 (2.2)
Z+Z,

Any reflected wave from the component being measuressepbrt A, and 99% of this power
emerges from port B. This is the only power emergimgfport B. (Port C is the only other port
which couples to port B and, as previously described, n@pwncident on this port since it is
terminated with 5@ .) Therefore, by monitoring the amplitude and phasaesignal emerging
from port B the reflection coefficient of the compaheonnected to port A may be measured.

In the PS2 receiver module, port A is connected t&tdmaple Coilconnector, port B to the input
of the LNA through thé/4 cable, and port D to tHeW In connector. (See Figure 2.1 and 2.4c)
For operation as a reflectometer the CW output ofyhthesizer module is connected to the CW
input of the receiver module to provide the RF excitatfomd the sample coil is connected to the
Sample Coilconnector of the receiver module. The receivere@&put therefore is an amplified
version of the signal reflected from the sample coil.

The phase sensitive detector can be used to displaydke phd amplitude of the signal reflected
from the sample coil. To do this tRef. Out of the synthesizer module is connected toRbé
In connector of the receiver module providing a phaseemdersignal. The in-phase and
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guadrature outputs then represent the two orthogonal pHa$essignal reflected form the sample
coil. A good way to display these signals is to plaag yscilloscope in X-Y mode with equal
sensitivity settings (about 1V/div) for both the X andwds. Set the beam to be centered in the
screen when the X and Y inputs are at zero volts. vEber from the center of the screen to the
displayed beam position then represents the amplituder(cistaom the screen center) and phase
(angle from the screen center) of the reflected signal

There is an unknown phase constant (rotation abowetiter of the screen) arising from
propagation delays from both the cable connecting timglsacoil to the receiver and the
amplifiers and filters in the receiver module. Boté ffain and phase of the reflectometer may be
calibrated by replacing the sample coil with a componattit a known reflection. The simplest
component to use is a resistor with a value slightfgriht from the nominal 5Q impedance of
the coaxial cables. The amplitude and phase of trexctedl signal may be calculated using
equation 2.1. By varying the phase of B&f. Out signal from the synthesizer module (using the
Phasemenu item) you can rotate the display of the reflesigigial on the oscilloscope so that the
real component lies along the X-axis. (A word of cautt The reflectometer in the PS2 receiver
will only operate accurately when the reflection doeint of the component connected to the
Sample Colil connector is relatively small. Thisitiation arises from the fact the the input of the
LNA is not well matched to 50, so that a standing wave can be set up between thargua

and the device being measured.

The standing wave is small and has little effect @nteasurement when the reflection coefficient

of the item being measured is small, but will resuftigmificant errors when the reflection

coefficient is large, such as when a short circuten ended cable are present. The reason is that
the input of the LNA amplifier is not matched to QGarises from the matching requirements

needed to archive low noise operation. In generahthedance matching requirements needed to
achieve low noise operation are different from thoseded to achieve a low reflectivity input

match to the amplifier.)

. 21 MHz SYNTHESIZER

B.1 Overview

The synthesizer module is the source of the radio fregu@&F) signals used in the spectrometer.
It is a modern, digitally synthesized, high stabiliignal source with a wide frequency range.

This unit can produce RF signals from below 1 MHz to &@&MHz7, but that is a much larger
range than is needed for the operation of the NMR speeter. The proton and fluorine
precession frequencies are only 6% different, but tleediethe permanent magnets vary from
unit-to-unit by several percent and they also drift \aibient temperature. Your unit has the
proton’s precession frequency in your magnet, at amtemh temperature, marked on the serial
label. The marked frequency is a good place to start“yanoing up” of the spectrometer.

The unit has six (6) BNC connectors, three inputs arektbutput. The function of each of these
connectors is described below.

1. REF Out: This refers to “reference” output signal thaonnected to thREF. In on the
receiver module. It provides a continuous wave, sinussigiaal (CW) to the phase
sensitive detectors in the receiver. The phasei®signal, relative to the phase of the
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Pulsed RF Out signal can be adjusted, quasi-continuouslgdid@gree steps) by the
selector knob using P in the menu. This signal canviteled off by the toggle above the
BNC connector

2. CW Out: This is a continuous wave sinusoidal sigralithused for CW resonance
detection. This signal is fed into the RF probe v&adinectional coupler inside the receiver
module. Its amplitude can be adjusted in this module wieeménu is set on A. The
power is measured in dbm and can be varied in one db Stbsoutput must be
connected to the CW In on the Receiver but the BNC cablaust be removed when
operating in the pulse mode.The CW output can be turned off by the toggle above the
connector.

3. Pulsed RF Out: This is the high power pulsed RF sigatldisent to the coil surrounding
the sample via the receiver module. This is a reVigesader” BNC connector which
requires the reverse gender BNC cable to connecthiet®F Pulse In on the receiver
module. The cables have “female” BNC connectors ta@@BNC panel connectors are
male. It is essential that the correct BNC cablesed. The usual BNC male cable
connector will not work and should not be forced on.

4. Pulse In, I and Q: These are both inputs connecttk ticespective | and Q Pulse Out on
the Pulse Programmer module. They receive the timingthat shape the RF output
power used to “tip” the nuclear spins.

5. Sweep In.: This may be used to sweep the RF frequeticgn external analog voltage.
It may be used in observing CW NMR resonance. It shoot be connected in pulse mode
operation.

B.2 Specifications

Frequency: 1 — 30 MHz

Frequency Stability: + 100 ppm

Frequency Increments: steps of 100 KHz, 1 KHz, 10 Hz
Phase: -180° to +180° in one degree steps

CW Amplitude: -10 dbm to -65 dbm in 1 db steps
Sweep: 0, 1, 2, 5, 10, 20, KHz/Volt

C. PULSE PROGRAMMER

C.1 Overview

As its title implies, this is the module that produce®et pulse sequences used in the various
pulsed NMR experiments. This unit sets the pulse lengthstiat are called the A and B pulses.
In pulse mode, this unit cannot change the amplitude dREhpulse, we must adjust thalse
length to achieve a 90° of 180° rotation of the magnetizatidme-sb-called “ninety or one
hundred eighty degree” pulse.

There is only one A pulse in any pulse sequence. Therbeas few as zero and as many as 100
B pulses. The number of B pulses appears on the menuNagW B:. The length of the A pulse
appears on the menu as A; A_Len: and the length of hdd® as A B_len:. Both pulse lengths
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can be varied from 0.02s to 20.02is. Appearing on the menu as tau:, the timdyetween the A
and B pulse can be varied from 0.0001 s to 9.999 s. The repé¢iite, written on the menu as P,
Period: is the time delay between repeats of theegpitilse sequence, meaning the complete
pattern of the single A pulse and the chosen numbermpoidgs. The repetition time can range
from 0.2 milliseconds to as long as 100 seconds. If a iaegetition time is required, the Man
Start button can be used as a manual start of the pgjsersce. Set the menu to Period: manual
to use this feature.

The module provides a short (n4) trigger pulse to trigger a ‘scope or a computer on ditieeA
or the B pulse. The choice of pulse is made with thgleomarked Sync. Toggle switches are
provided on both the A and B pulses to allow either puldeetturned off as desired. The toggle
marked MG is used to disable the Meibohm-Gill 90° phafelstween the A and B pulse in a
pulse train that measureg With multiple B pulses. The Blanking Out pulse is a pulghthy
longer than A and B which disables the receiver duriegotlise and thus prevents internal
capacitors from charging during the RF pulse. This fatait a faster recovery of the receiver.

Finally, the Ext Start-input requires a TTL pulse whialh start a pulse string of the one A pulse
and the programmed number of B pulses instead of theahteyetition cycle. Thus, the pulse
sequence can be synchronized with any data collecshgiiment that the user chooses.

C.2 Specifications

A — A Pulse(one only) A len: 0.02 — 2002
B — B Pulse (0-100_ B_len: 0.02 — 20832
T tau: 0.0001 — 9.999 seconds

N Num_B 0-100

P Period: 0.2 msto 100 s

External Start TTL Pulse 4 voltu$

Manual Start Button

Sync on either A or B pulse

Sync Out — 0.;is TTL Pulse

© 0N Ok wDdPRE

. LOCK-IN, SWEEP MODULE

D.1 Overview

The lock-in sweep module is used for continuous wave (Ggranents. It is comprised of a
two channel lock-in amplifier and a sweep ramp genexaitbra current output amplifier.
Depending on the operating mode, one or both of thesparments may be in use simultaneously.
The following sections describe the operation of tiglule.
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D.2 The Lock-In Amplifier

The lock-in amplifier contains an internal referenseillator operating at a fixed frequency of

20 Hz, and two identical signal channels. During normatatmn the reference oscillator is
coupled to the input of the current output amplifier to prowdgnetic field modulation, and is
simultaneously used to demodulate the signals applied todken inputs. The output of the
demodulator is filtered by a simple RC time constard, the resultant signal is output as both an
analog voltage at the front panel connectors, and azdigivalue via a Universal Serial Bus
(USB) output port. Both lock-in channels operate withdtme signal gain, demodulation phase
and time constant settings, each of which can be adjistthe user.

D.3 Lock-In Related Menu Items

D.3a G — Gain

The gain of the lock-in amplifier can be varied from 8% Msto 2560 V/\iysin factors of 2 by
selecting th&s menu item. The gain setting are calibrated in termsnagf input voltages, so an
input signal of 0.0125 M with a lock-in gain setting of 80 Vs will produce a 1 volt output
when the relative phase between the input signal andc¢ken reference phase is zero. If the
input signal is too large for the gain setting, causingwanload condition, thenput Overload
indicator on the front panel will iluminate. Whengluccurs, either the lock-in amplifier gain, or
the amplitude of the input signal must be reduced to insupeptock-in amplifier operation.

D.3b P — Phase

The phase of the lock-in demodulation is varied througlotigee P menu item. Both lock-in
channels operate with the same demodulation phase, mhbighe varied in 1°steps. While
adjusting the phase, the upper line of the module's displegshew to display the output voltages

of the two lock-in amplifier outputs. Once the phaselies set to the desired value, pressing the
Master Selector knob will return the cursor to the uplilay line and the item menu will be
displayed.

D.3c T - Time Constant

The output of the lock-in amplifier is filtered by a serC time constant (6 dB/octave). The
value of the time constant can be varied from 0.5 - 1€c0rgls using th€ menu item. The value
of the time constant also determines the rate athwthie digitized outputs of the lock-in amplifier
are output to the USB port for sweep mo@dés Automatic, Triggered, Manual, andExternal.

In these modes the lock-in output signals are sampled amghtitted over the USB port twice per
time constant period.

D.3c M - Modulation

The amplitude of the magnetic field modulation is set ugie¢) menu item. It can be disabled, or
varied from 0.03125 to 4.0 mA rms in factors of 2. Whilertioelulation level is being adjusted,
the upper line of the display will switch to display thepmut voltages of the two lock-in amplifier
outputs. Once the modulation level has been set to Hiedealue, pressing the Master Selector
knob will return the cursor to the upper display line amditdt menu will be displayed.
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D.4 Sweep Related Menu Items

D.4a H - Field Offset

TheH menu item is used to add a constant magnetic field affigbie sample in the probe head.
This current can be varied from -250 mA to + 250 mA in 1steps. The setting out the field
offset isnot reflected in theSweep 1/Ooutput signal, so it can be used to center the obsenyeal si
within the magnet fields sweep range. While the fiefdedfis being adjusted, the upper line of the
display will switch to display the lock-in output signal$ia®@ the field offset has been adjusted to
the desired value, pressing the Master Selector knobetilin the cursor to the upper display line
and the item menu will be displayed.

D.4b S - Sweep Mode

OFF - Sweep generation is disabled. Only current cornetsipg to a field offset and
modulation settings are applied sweep/modulation coils.

Auto - InAuto mode the field sweep run continuously. The sweep exteohs max to
+lmax,Where is the value selected in theeep Amplitudemenu item. The duration of the
sweep is determined by the value selected irbtheep Durationmenu item. Sweeps are
linear ramps with a rapid fly back. At the beginning adlesweep a 2,5, 5 V pulse is
output from théerrig /0O connector. A voltage is also output from Bweep I/Oconnector
spanning -10 V to + 10 V corresponding to the entire sweggera

Triggered - The triggered mode is similar to the Auto medeept the sweep does not
commence until triggered, either by a rising logic edgéherSweep Sync I/O connector or
pressing thé/lanual Start button of the front panel. If a sweep is already irgpees

trigger inputs are ignored. Ti8weep I/Ooutput signal is the same asAinto mode.

External - In external mode tl$weep I/Oconnector is an input. The input range spans
-10 V to +10 V corresponding to a current range of -250 mA286G-mA. This is a

fixed range and isot controlled by th&Sweep Amplitudesetting.The Field Offset
andModulation signals operate normally and are summed with the exiapma.

Manual - Manual mode allows the value of the field swieepe adjusted using the Master
Selector knob on the lock-in front panel. After seferthis mode by pressing the Master
Selector knob, the lower display line indicates theepaalue as a percentage of full scale,
adjustable in 1% steps from -100% to + 100%, while the uppeaditpd displays the
lock-in outputs. The scale of the sweep is determinetidoydlue selected in the Sweep
Amplitude menu. The value of ti@&wveep I/Ooutput varies from -10 V to + 10 V,
corresponding to the entire sweep range. Pressing thtieM&sector knob will return the
user to the top menu.

Rapid Scan (RSxx) - ThHeapid Scanmodes are used when observing the output of the
receiver directly without lock-in demodulation. In thisde lock-in functions, including

the field modulation are disabled. The field repetitigstieeps in a triangle waveform with
peak amplitude as selected by 8weep Amplitudemenu item. The frequency of the
Rapid Scan sweep can be setto 1, 2, 5, 10, 20, 50 or 100 HEwWERe I/Ooutput output
varies from -10 V to + 10 V, corresponding to the entiveep range, with a snyc trigger of
50 us, 5V output at the Trig I/O connector.
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D.4c A - Sweep Amplitude

The sweep amplitude menu item selected the amplitude ewdep sweep range for tAeto,
Triggered, Manual andRapid Scanmodes. Sweep ranges of +1.953, +3.906, £7.812, +15.625,
+31.25, £62.5, £125, and 250 mA are supported.

D.4d D - Sweep Duration

The sweep duration menu item selects the duration dietlesweep for the Auto and Triggered
modes. Sweep durations of 10, 20, 50, 100, 200 and 500 seconds agd.allow

E. THE PERMANENT MAGNET

The PS2-A spectrometer comes with a uniquely designed penimaiagnet described in this
section. The physical specifications of the magretarfollows:

Field Strength in Gap: 0.50 £ .01 Tesla
Homogeneity (minimum): 0.5 mT over 0.125%m
Gap Width: 1.78 cm

Pole Diameter: 10.1 cm

Permanent Magnet Material: NdFeB

Weight: 15 kg

PERMANENT MAGNET

TEMPERATURE (FIELD) REGULATED
® rr @
PULSED and CONTINUOUS WAVE NMR SPECTROMETER PS2
»

TEAC

SPIN &8 Instruments Designed for Teaching

Figure 2.5 The Permanent Magnet

Removing the wooden top and insulation exposes the tisicframe geometry of the magnet
assembly. Soft iron is used for the frame membeaidfza NdFeB permanently magnetized disks
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are mounted on each side behind the pole tips. Neodymam¥Bloron material was selected as
the permanent magnet because of its large magnetizaitbits ability to retain that
magnetization. Simply put, the magnet will likely outldss electronics, the professors, and even
the students.

However NdFeB has one characteristic that can beladgmn. Its magnetization is temperature
dependent. Thus, the field in the air gap depends on tipetatare of the magnetic material. For
many experiments, this drifting magnetic field will caosdy small error in the data. For other
experiments, the drift is intolerable. In order toyie a wide range of experimental possibilities,
TeachSpin designed a complete temperature control syiséiis £asy to use and will regulate the
temperature of the NdFeB magnets. The temperature afdfgaet material is so stable that the
field in the gap remains essentially constant. Wiiirminutes after the regulation loop has been
closed, the gap field will reach an impressive stability

Field Stability: +5 x 1d mT over 15 minutes
(In frequency units, for proton resonance, the stalmslit- 20 Hz.)

This, or even better, field stability is obtainedrid only if the magnet is used in a reasonable
laboratory environment.

The following is a list of “Do’s and Don’ts” that mulsé respected for the optimum performance
of this high stability-high homogeneity magnet.

Do:

1. Place the magnet in a reasonably temperature &iaateon.

2. Place the magnet on a non-ferromagnetic table.

3. Check all electrical connections to the magnetpé&gature controller and spectrometer main
frame carefully before attempting any experiment.

DO NOT:

1. Place the magnet in a draft or near an open window.

2. Place the magnet near a vent or a radiator heater.

3. Place the magnet near AC high power lines.

4. Place the magnet near a power transformer — parlyctilartransformer at the right rear of the
main frame of the spectrometer. (There is a remadgrnwe always show the instrument with
the magnet to the left of the controller.)

5. Place anything under the magnet that might obstrudlotieof air to the thermoelectric heat

sinks.

Direct a strong light onto the magnet, especially ighm an incandescent source.

Keep any significant ferromagnetic materials neatlmh as a screw drive, a student belt

buckle, steel chain ... Be particularly careful vitédms that can move.

8. Move the magnet to a new location during or clog@edime of starting an experiment,
especially if you want to retain the maximum field 8itgb

9. Place your hand or other objects on the exposedimnkatof the thermoelectric coolers.

10. Drop the magnet or give it a large mechanical shock

11. Leave the thermal servo loops on overnight — oooedveral days. This will not damage the
magnet or the servo electronics, but it may meantheasystem will be keeping the magnet at

N o
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a temperature very far from the current ambient tenypex@f its surroundings. Part of what
makes the PS2-A system so effective at keeping the tatoperstable is that the magnet
temperature is being locked to the temperature of thédogaonment at the time the loop
was closed. Using a magnet with a servo that hasdie&o long is not an optimum starting
condition for a set of experiments that require maxirfialah stability.

12. Let ferromagnetic “stuff” fall into the magnet gap sashpaper clips, pins, small tools, etc.

’ S MAGNET TEMPERATURE ® MAGNETIC FIELD GRADIENTS d ‘

X

POWER

Z

Y Z

SET

LOOP =

-l:+ —’+ —1-+ -é+

& PS2 CONTROLLER & s

Figure 2.6 Control Panel

Instruments Designed for Teaching y

The temperature of the NdFeB magnets on the two poleg@e controlled by two identical and
independent thermal servo units, one for each polesel$ervo are designed to keep the
temperature of the individual magnetic disc on each pdecanstant temperature. Note that the
specific temperature of an individual pole piece is not mgmd. What is essential is that the
temperature of each NdFeB disc remains constant fatutaion of the experiment.

To accomplish this stability, a special thermistanperature sensor is put in good thermal contact
with each NdFeB disc. A thermistor is a special ntetose resistance varies in a predictable
and reproducible way with temperature. Thus, the valtleeothermistor resistance is a measure
of the temperature of the NdFeB disc, which is alse@asure of its magnetization. The
temperature of the disc is then modulated (controlled) tyermoelectric cooler, which has the
remarkable property of either cooling or heating a sarfipending on the polarity of the current
through it. Heat is transferred from the NdFeB magrtetitie heat sinks which exchange heat to
the room by both convection and radiation. Thesé $ielas also masquerade as the side panel
labels of the unit. Students should not put their handbes®e heat sinks during critical runs where
optimum temperature stability is required. Some care shieutdken with these panels. Letting
heavy objects hit them could damage the thermoelexater.

Operating the servo loop temperature controller isgdttdorward. The last student who as used
the unit should have left the loop OPEN! This is gakine with the two toggle switches on the
front panel. It can also be accomplished by turningptheer off, using the power switch on the
power entry module at the rear of the controller.ng$he power switch, however, is not the best
practice because it will also turn off the electrdishim gradient coils. If you are using the shim
coils for the experiment, they should have been Idft he shim coils can be left on indefinitely
without damage to either the coils or controller. eg the fields of the shim coils on requires

that the spectrometer also be left on. Howevemegemmend that both the A and B pulses on the
pulse programmer be turned off.

II-14



Gradient coils ON and loop OPEN is the best way teeléhe apparatus during a semester, where
it is important to obtain optimum field stability inelshortest time. In this configuration, the
magnet comes to steady state equilibrium in the shdmestwith its ambient temperature.

The objective is now to lock the temperature of eaagmatic disc at its existing temperature — or
as near to it as is possible. Since each magnet beght a slightly different temperature, or, more
likely, since the temperature sensing thermistors arexactly matched, it is essential to find the
temperature set point for each side. With the loop QRAgNISt the set point potentiometer on the
front panel until the LED becomes dark. Red meansghpant is too high, blue that it is too low.
At the correct value, the LED goes dark. Figure 2.7 implifed block diagram of the controller
which shows how this works. The thermistor is ie @nm of a Wheatstone bridge and the output
of the bridge is compared to the adjustable referentagenl The difference is amplified by the
instrument amplifier. Both the actual bridge signal fithwa thermistor and the reference voltage
are available on BNC connectors on the back panel fay monitor the thermistor bridge signal
to assure yourself that the loop is stabilizing thepenature of the magnets.

+10V

Reg Temperature

Monitor

10 Turn %
Pot g

Power
Amps

Switch
close/open
PID Controller loop

— To Thermistor " Proportional, |
Amplifier ( Inrt)egral
Thermo-

|—pinside magnet Gai
. > (Gain) Derivative)
Electric

L
B Module
in magnet

Set Point
Monitor

Instrument

[ Tew ]

Figure 2.7 Simplified Block Diagram of the Controller

Once the twaeference voltages have been carefully set and loakéldeaten turn knobs, both

loops should be closed simultaneously. You will likelyice@some oscillation in the current to the
TEC's but this should settle down in a minute or sdhaddop PID (Proportions, integral,
differential) establishes a fixed temperature. The IdBBuld remain dark as long as the servo is
doing its job and keeping the magnets at a fixed temperaflse.the temperature monitor

voltage should remain constant and the same as theregevoltage. If this does not occur, repeat
the starting procedure. If this system still does ook the temperature, there may be loose cables
or the system may need repair.

Because of the rather slow thermal response timegbdoentire magnet assembly, it takes about 45
minutes for the magnetic field to achieve optimum stgbiEach magnet is slightly different and
students may wish to measure this characteristicasneell as the stability of the one they are
using. After making sure the field is homogenized and tadigmt coils optimized (this can easily
be done using a single pulse FID signal with a mineralamiple) drifts in the magnetic field of as
little as 10 Hz can be detected. This can be monitased) a two channel scope to compare the
envelope output with the output of either of the phasatsendetectors. (The phase and gain must
be adjusted so that the two signals are equal.)
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The controller can be operated for an indefinite timdéong as the ambient temperature of the
room is stable to about + 1 C. Once the experimests@mplete, the thermal loops on both of the
magnetic loops should be switched to OPEN to allow thgnetic to establish equilibrium with

the current room temperature. The field gradient chdsilsl be left ON.

MAGNETIC FIELD GRADIENT COILS

The magnetic field homogeneity over the sample volumebeasignificantly enhanced by using a
set of four coils that form the sides of the RF probie. These coils are designed to produce
magnetic fieldgradients in the region around the sample when steady dc currpassed through
them. There are four sets of coils producing linedé geadients in the x, y, and z directions and
guadratic field gradients in the z direction. (See FiguBdd.the definition of the x,y,z axes.)

Sample
coll
Magnet Magnet
pole pole
y

z
X

Figure 2.8 Simplified drawing of Magnetic Poles andhBla Coil showing x, y, and z axes.

Each gradient coil has two windings, one on each sitleeoRF probe. The coils are made on
electronic circuit boards by electrochemical etcharg] are therefore extremely dimensionally
stable. Each is connected to a constant current tedudapply whose current is adjusted by a
10 turn potentiometer. The potentiometer shafts caodked on the dial counter after
adjustment. Current regulated supplies are used so thatrtkatc which creates the field
gradient, will not change as the resistance of tHe aad leads changes with temperature.

For optimum field homogeneity, the field gradient coileidtd be adjusted by the students for each
experiment. The gradients in the magnet may drift $ighith time and temperature so the
adjustment should be made before any critical experimg@rformed. Please note that many
experiments do not require optimum field homogeneity.

One can adjust the gradients with almost any liquid sacguitaining protons that has a
“reasonable” Tand a T > 30 msec. By reasonable we mean 30 — 100 msec, sbehapetition
time can be 0.2 to 1.0 sec. Although ordinary waterBs> 30 msec, the long repetition time
required (since 1~ 2 s) makes the experiment time consuming and cumberddiogt light

mineral oil samples will serve this purpose: cén easily be estimated using a two-pulse sequence
and observing the spin-echo.
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Optimization of the field gradients is achieved by systically adjusting one gradient field after
another as one observes the Free Induction Decay @ilope after a single 90° pulse. The
longer the envelope, the more homogeneous the fieldyoad as they are, the gradient coils are
not perfect. When the current is changed in the y-gnaddal, it may have some small effect on
both the x and z linear gradient and even produce a affealt on the value of the total field.
Thus, one must go through the entire process several tinachieve the optimization of the field
homogeneity. It is essential to optimize the fieldagoroton signal where the chemical shifts are
small, and then use that homogenized field to obseevméiguivalent fluorines in various fluorine
samples.

Students should be able to obtain 5 nsfér the proton signal in light mineral oil. It magke

some “fiddling around” to achieve this. Gradients caadded in either direction simply by

flipping the reversing switch on the front panel. Therents in each coil can be monitored at the
BNC connect under each control potentiometer. Thistpoonitors the voltage across a @1
precision and temperature independent resistor in setleshe coil of interest. These monitor
points can be used to record the currents and theilitgtabiwell as to trouble shoot any problems
that might occur in the electronics.

Specifications:
oB, 0°B
= 66 (uT /mm)/am Z =
% (U )/ amp PR
0B, 0B,

= 7.1 (4T /mm)/amp

ox oy

. MODULATION COILS

Along with the field gradient coils, a pair of Hedoltz-like colls is imbedded in the circuit boards

that provide the sides to the RF probe of the spewter. These coils provide uniform magnetic
fields in the z-direction — the direction of theimmagnetic field. These coils are principallydise

in CW (Continuous Wave) NMR experiments. They jme\both a slow time-dependent sweep

field as well as an AC modulating field.

The currents in the modulation coils come direfttiy, the lock-in module on the main frame of
the unit. All the controls for this unit come fratre lock-in module. The electrical connection to
the lock-in comes through the power cable connefcted the rear of the main-frame to the back
of the temperature/gradient controller unit.

The modulation coil can also be used to shift tkefield electronically. However, along with
this shift will come a change in the field homogeneity ovehe sample. Care must be exercised
by the user if the optimum homogeneity is to bentagmed over the sweep.

Specifications:
Coll Constant: 3.1 mT/amp or 31 gauss/amp
Homogeneity: 1 part in 250
Resistance: 2
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H. RF SAMPLE PROBE HEAD

H.1 Overview
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Figure 2.9 RF Sample Probe (RF Shield and ModulatiorGaadient Coils not Shown)

The single coil RF sample probe is shown in Figure 2 ®owt the RF shield and the modulation
and gradient coils which form the side walls. Theuiirdiagram is shown in Figure 2.10.

Sample Coll

YTV o| 50 0hm
\ cable
P P P s ~
25 -150 pF 1-30pF 1-30pF  75-300pF < 900pF
Compression Piston Piston Compression  Silver mica
Tuning Capacitors Matching Capacitors

Figure 2.10 Circuit Diagram for RF Sampiebie

The two capacitors on the left side combine to turesttmple coil into series resonance at the
frequency of the applied RF signal. This tuning can berebd with the “pick-up probe” that is
inserted into the sample chamber. The RF field ircthigoroduces an emf in the two loops of the
probe and that emf can be observed on an oscillosddgiag this pick-up signal, the user can tune
the sample coil to resonance by adjusting both the assjon and the piston capacitors on the
tuning side. Changing the impedance matching capacitotsr(psompression, and fixed 900 pf)
has a small effect on optimizing the RF power to thkbut is important when using the
spectrometer in CW mode. Since there is alwaysaat 876 pf of matching capacitance, the
sample probe is usually well enough matched for most pulb& ékperiments.
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However, when searching for a signal in the pulsed mbegssential that the coil be on, or
nearly on, resonance with the RF frequency, and tieaRE frequency be at, or nearly at, the
precession frequency of the nuclei being measured. sTha idifficult to achieve, since the

magnet has the Larmor precession frequency of a pratopls written on the serial label. This
label appears on both the magnet and the electronicdrdae. Of course, this is not an exact
number since the magnetic field in the gap is temperdependent. It is, however, close enough
for a student to see a signal if the RF sample prob®gerly tuned to that frequency. It is very
difficult to observe a signal if the sample coll is hated near the RF frequency of the synthesizer.

H.2 Pickup Probe

Figure 2.11 RF Pickup Probe

Figure 2.11 shows a diagram of the RF pickup probe. As des@iima/e, this probe is essential in
the early stages of tuning the RF sample probe to thradrgprecession frequency. There are no
test points or pickoff points in the RF circuits, sopvevided the user with this probe to examine
the RF field DURING THE PULSE. The oscillating REIdi in the coil produces an emf in the
coil, and that emf, in turn, generates an oscillativigpge across the 30 load. This voltage can
easily be observed on an oscilloscope, as showigind-R.12.

Tek i & Stop 1 Pos: 2.0200s SAME/REC
¥ H ! . M y b ! 1

Action

Save Image

File:
Format
EiMAPY
Ahout
Saving
Irnages

Select
Folder

Save
TEKOOTO0.ERP

CHT 5,004y 1 S00ns Ext # 116Y
16-May—08 0204  <10Hz

Figure 2.12 Pickup Signal During RF pulse

This voltage can be optimized primarily by adjusting the tuning capacitors (25 — 150 pf
compression, 1 — 30 pf piston) using the spectral tB&. CAREFUL NOT TO USE A STEEL
SCREW DRIVER - THIS AREA HAS A LARGE MAGNETIC FIELD. YOU CAN
DAMAGE THE MAGNET
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GETTING STARTED

A. SPECTROMETER SET UP — PULSE MODE

There are three major parts to this spectrometefMA&NET” (with RF probe mounted inside),
the “MAINFRAME” (with the Receiver, Synthesizer, BalProgrammer, Lock-In and built-in DC
Power supply) and the PS2 CONTROLLER (with Magnet Temperatnd Field Gradient
electronics). These three units are interconnectdidhree are powered by a single regulated DC
power supply (+ 5V, + 15 V) mounted inside the Mainframe ca%u can see each of these
components in Figure 3.1.

\lsq g&.
q |

Figure 3.1 The PS2-A Spectrometer: Magnet, MainframeP52 Controller

Begin by connecting up these three units. The gray &allethe PS2 Controller marked DC

Input Power connects to the rear of the Mainframie Blue coaxial cable, with the reverse gender
BNC connector, attaches to the Receiver reverse geaael connector marke®amplé'. The

gray cable from RF sample probe connects to the re@t pathe PS2 Controller marked
“MAGNET GRADIENT/MODULATION”. The gray cable fromie lower part of the case of the
magnet connects to the rear panel of the PS2 Comntnadieked “MAGNET TEMPERATURE”.

The AC power cable connects to the universal powey @hig on the rear of the Mainframe.

The rest of the connections are to be made withltteeBNC cables on the Mainframe and into
your oscilloscope. TeachSpin recommends that studegitsthese experiments using a digital
oscilloscope. A computer will also serve as a datagdevice, but we believe it is more
appropriate to use an oscilloscope first and then otpigrrs can be considered, after students
have become thoroughly familiar with the spectrometer.
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Connections and Basic Settings for Pulse Mode

1. Connect the blue 18 inch reverse gender cable from
Pulsed RF Out (Synth) to Pulsed RF In (Rec).

2. The following are connections made with 12 inch bIdNEBCables:
Q (PP) to Q (Synth)
| (PP) to I (Synth)
Blanking Out (PP) to Blanking in (Rec)

3. The following are connections made with 36 inch bIMECR ables to a two channel
digital oscilloscope:
Sync Out to Input Trigger
Env. Out to Channel 1
Q or | out to Channel 2

4. Turn Off: CW Out (Synth), B Pulse (PP), MG (PP)
Toggle Sync to A (PP)
Toggle Pulse to A (PP)
Ref Out (Synth) —Toggle Turn On
Filter TC to .01 (Rec)
Gain to 75% (Rec)
Toggle Band to P (for proton) (Rec)
Toggle Blanking (Rec) On, Width 75% (Rec)

Do NOT connect to
Receiver — CW IN, RF Out
Synthesizer — Sweep In, CW Out
Pulse Programmer — Ext Start
Lock-In — All Connectors.

If you have made all the connections specified, you bavep the spectrometer for your first
experiments. Turn it on with the power switch you fnill on the rear panel of the
Mainframe, at the power entry plug. The only pilot Iggtitat should go on are the one on the
PS2 Controller and the “error signal indicators”. Huoare all three LCD displays should light
up and initially display “TeachSpin”.

B. DIGITAL SETTING OF PARAMETERS

B.1 Overview

Before you attempt an experiment, you should get usedttogsdte parameters of the three digital
modules. Three of the modules on PS2-A’s MainframeStmehesizer, the Pulse Programmer
and the Lock-In/Field Sweep, are adjusted digitally with kam&b in the upper right hand corner.
With this control the experimenter first selects plagameter and then changes its value. The LCD
screen at the top of the module displays both the nathe parameter and the value selected. It
may take some practice to become proficient withdbigrol, but in a short time students will

have the muscle memory needed to adjust these unitsessiml
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There is one disadvantage to this control system. client value of onlgpne parameter appears
on the screen at any given time. The values of tiner gparameters can easily be obtained by
scrolling through the menu. However, only one valug e can be viewed or changed. Of
course, students can always record the values theychasen for each of the parameters. We
trust that data books may still be in fashion. Weoanage writing!

B.2 DEFAULT SETTINGS

The settings which have been preprogrammed into eachfuhg PS2-A Mainframe electronics
are listed below. You should check these to assurettbainit is operating correctly. In each
module, the parameter we have shown as underlined appetdnes screen as underlined and is
flashing.

SYNTHESIZER PULSE PROGRAMMER | LOCK-IN/FIELD SWEEP
E (flashing) — A (flashing) G (flashing) Gain: 80 V/V
Frequency: 18.00000 mHz A len: 0.02is P RefPhase:: -180°
P Refer Phase: -180° B B_len: 0. 04s T Time Const: 0.5s
A CW Pwr: - 10 dBm T tau: 0.0001s M Mod Amp: off
S Sweep: 0 kHz/V N Num B: 0 H FId off. 0.00 G
P Period: 0.2 ms S Swp Md: off
A Swp Amp: 0.039 G
D SwpDur: 10s

B.3 SETTING PARAMETERS

The push-to-select” knob is used in three stages.
1. Rotate the knob to display the desired parameter.

2. Push the knob into the panel and hold for a secotwloountil a beep indicates that the
parameter has been selected.

3. Now you can change the value of the selected panabyetetating the knob until your
chosen value is displayed.

This process might best be explained by an examplesid&rthe synthesizer. If the Mainframe
power has just been turned on, the capital letter &tis inderlined and flashing and the number
18.00000 mHz appears on the screen. There are four furittairsan be selected and varied by
this control. They are:

F: the Frequency of the internal synthesizer
P: the relative Phase of the reference signal veinged to the receiver module

A: the Amplitude of the continuous wave (CW) rf output algrsed when the spectrometer is
configured for CW NMR detection.

S: the Sweep of the NMR rf frequency which is alsalus€CW NMR detection.

1. the arrow is no& parameter. It is actually part of the menu and i@ teseeturn the control
knob to the choices on the upper line of the menu.
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Suppose you wish to set the synthesizer frequency to 21.320th#HLarmor precession
frequency for your particular unit, which was marked onsévgal number label. How do you do
this? Since the letter F is flashing, the default paoghas already selected Frequency for you. If
you simply turn the knob, you will see the selected patm@nobange to P (phase), A (CW power),
S (sweep).

To activate the parameter you wish to set, in thse deequency, start with the F flashing and
then push the knob into the panel and hold it in untillyear the beep. The flashing will stop,
but the F will still be underlined. Another underlindl wien appear at the 0.1 mHz decade on
the display. Turning the knob will now change the frequdayc0.10 mHz per “click”.

The coarse control of the frequency control has let@mated and turning the knob can get us to
21.3 mHz, but that is not the value we want. Pushingarkhob and again waiting for the beep
will move the underline to the .001 mHz position. Nowning the knob will change the
frequency in these smaller, 1 kHz steps. Another puskhananderline will translate to .001 mHz
or 10 Hz, the smallest frequency steps possible witkythihesizer.

By a combination of pushing and rotating, the entireuredrvariables in each module can be
accessed and the desired values assigned. Two thinggpamgant to remember. First, the chosen
value of the parameter will only be set when the Kmadbbeen pushed in long enough for the
“beep” to sound. This delay was installed to preventlanotal pushes, during rotations, from
causing changes. Second, you must remember that theovanly ONE parameter at a time can
be displayed. It might be wise to check all the parammdtefore beginning an experiment. Be
sure to record these values!

An example: Perhaps you have “inherited” the spectremfisim your classmate who left the
power on to the Mainframe. Supposing she was usinghei€W mode, with the frequency
sweep option running. If you now attempt a pulsed experjmgtiitout turning off the frequency
sweep option, you will observe some bizarre signalsu might then incorrectly conclude that the
spectrometer needs repair!

Even in a simple single 90° pulse experiment, where omelysobserving the free precession
decay (FID) of the proton spins, previously programmed petensican cause serious problems.
Suppose the period P (the time between repeated 90° pulsksjticompared to the spin-lattice
relaxation time T. In such a case, the spins are not give sufficiem@ to return to thermal
equilibrium magnetization before the 90° pulse of the Rftec Thus, the signal will be reduced
in amplitude, possibly so much that it is not observalleere is nothing wrong with the
spectrometer; it has just been set up incorrectly.

IT IS ESSENTIAL THAT ALL THE PARAMATERS HAVE BEEN I NTERROGATED
AND RECORDED BEFORE EMBARKING ON AN EXPERIMENT.
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C. SINGLE PULSE EXPERIMENTS

C.1 SetUp

All of the experiments described in this section canlbdne with a single A pulse that is repeated
with a period P. The first thing to do is to selesample with a high density of protons. Mineral
oil is a good choice. Two types are supplied with the unhis essential that the correct volume
of sample be used for all experimentsLarge errors are introduced into the measuremetas if
much sample is placed in the vials. The explanatiothfsrsystematic error is as follows:
The RF coil which surrounds the sample is a solenoid
approximately 12 mm long. The RF field from such a
solenoid is only reasonable uniform over about haiisof O O-Ring
overall length. Therefore, if the sample only fllsout 5 \_Stop.
mm of the tube and is placed so that those 5 mm ahe in t
center of the solenoid, all the spins in the samgle wi
experience nearly the same magnitude of the RF magnetic
field during the pulse burst. Thus, all of the spins wveill b L
T

39 mm

“rotated” (tipped) the same amount. Figure 3.2 shows the -5 mm
correct volume and placement of a sample. Note tleat th
O-Ring stop is located 39 mm from the center of the
sample. This places the sample both at the centbeof
RF solenoid and at the center of the gradient and Sample

modulation coils. Figure 3.2 Schematic of Sample

Before you place the sample into the RF probe and séarghur first NMR signal, you must tune
the RF probe to the Larmor precession frequency gbtbi®n in the ambient magnetic field.
Since the spectrometer has no “pickoff points” in wiyichi can examine the RF currents through
the solenoid, TeachSpin has provided you with a “pickup pret€h can be inserted into the
sample chamber to measure the RF fields DURING THESHEJL

If the RF solenoid is tuned to resonance at the =

spectrometer’s synthesized frequency (by the twc
tuning capacitors in the RF sample probe), then t
RF magnetic field will also be at a maximum in
the coil. The inserted pickup probe’s voltage will
also be a maximum when the sample solenoid is
tuned to resonance.

Figure 3.3 Pickup Probe

Since the single solenoid coil in the RF sample prebees as both a transmitter (to tip the spins)
and a receiver (to produce an emf from the free presess$ithe magnetization), it is essential that
it be tuned (or very nearly tuned) when searching fagm@al. The unit is shipped from the factory
tuned for a proton resonance, but, if this is your &tstmpt at PNMR with this unit, it is
anybody’s guess how the last user has left the tuningitafsaon the RF sample probe.
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Place the coil end of RF pickup probe in the centeret#mple solenoid. Secure it in place.
Attach the BNC connector to Channel 1 of your ossitipe. (The oscilloscope should have a
bandwidth of at least 30 mHz.)

1. Set the synthesizer frequency to the frequency markéaeaunit’s labels. (Labels are on
both the magnet and the Mainframe.)

2. Set A lento 2.5 (or longer)
Set P to 100 ms
Leave all other settings as they have been set

3. Set the parameters on the Oscilloscope
Trigger: Ext, Normal, Rising, > 0.1 Volt, positive slope
Sweep: Zis/division
Channel 1: 5 V/div, DC, Full bandwidth

With this time scale on your ‘scope, you are obserihiegRF field inside the solenoid DURING
THE PULSE. This is nod magnetic resonance signal. If the RF sample psofm®perly tuned,
you should observe an RF burst of about 40 volts peak-tolpstalg about 3iseconds. Try
adjusting the two capacitoos the tuning side The tuning side is the side near the gray cable
(the left side) coming out of the RF sample probe. cHpacitor nearest the sample hole is a
piston capacitor (1 — 30 pf fine tuning) and the one farthest the hole is the compression
capacitor (25 — 150 pf coarse tuning). Changing these capasiitould have a dramatic effect
on the amplitude of the pickup signal. Adjust for maximum #uog#®. If you cannot achieve
about 40 V peak-to-peak voltage, something is wrong. Stapamel investigate the problem.

C.2 Free Induction Decays, FID (Free Precession); Pans

You are now ready to search for and experiment with fimirmagnetic resonance experiments
with the PS2-A spectrometer. Since you now wish &eole the precessing magnetization
(collection of spins) AFTER THE RF PULSE HAS BEEN RNED OFF, you need to change the
time scale on the oscilloscope. The RF burst thatthe magnetization from its thermal
equilibrium orientation along the z-axis (the directadrihe DC magnetic field) to create some
transient component along the x-y plane, does so inmeastale of microseconds (16), but this

X-y magnetization precesses in the x-y plane for tiofiese order of miliseconds (fG&s). Thus,

the sweep times on the oscilloscope should be adjus®&8 te1.0 ms/div. Also, you should
replace the signal to Channel 1 on the ‘scope witlsitiveal from Env Out from the receiver.

Set all four potentiometers on the PS2 Controllerld Geadients X, Y, Z, Z to zero. Place your

sample in the RF probe and look for a signal. You shaddse on the oscilloscope. Now there
are many parameters to play with. Study their effentthe signal. You should do just that — play
with them — vary them — and record your result. You shioyltb explain everything you observe.

If you cannot, talk with your instructor.
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Below are listed some of the parameters to vary.

1. Gain 8. Phase

2. Filter TC 9. Magnetic Field Gradients

3. A_len (Pulse length) 10. Close the Temperature Control Loop
4. P period 11. Sample Placement in Solenoid

5. Tuning capacitors (RF sample probe) 12. Take the Fast Fourier Transform of the
6. Matching Capacitors signal from either | or Q output from

7. Frequency receiver — tune off resonance

The following is a list of things to do and questions gbauld be able to answer based on your
experimentation with these single pulse measurements.

NoakwhNpE

o

10.

11.

How do you know if you have a 90, 180, 270 or 360 degree “pulse”?

Calculate the approximate averagdi@d during the pulse.

Describe the differences in the signals from IEQy Outputs.

How would you measure the field stability of the magnet

Plot the magnetic field as a function of time ajtan close the temperature control loop.
What is the effect of the filter time constanttba signal?

Using a single 90 degree pulse, plot the maximum signaltadghs a function of the
period (repetition time). Explain your data.

How do you determine that the spectrometer is “oon@sce” — namely that the free
precession frequency is the same as that of the speteds synthesizer?

Is there a signal when the spectrometer is ofinasme? Explain. Suppose you tune it
“way” off resonance? Is there a signal then? Kegfhie A_len constant, tune the
spectrometer’s frequency away from resonance and exghtgnyou observe. (Note: you
should adjust the tuning capacitor in the RF sample proliadanaximum signal
amplitude as you change the frequency.) A careful exaoinat effective fields in the
rotating coordinate system will greatly help you undecdstaur data.

Adjust the magnetic field Tek JL @ 5top i Pos: 40,00ms SAWE/REC

gradient coils several times. SR S - TE (A SR A Action
Figure 3.4 shows our data from | | g ave Image
the Env. Output. Can you
achieve this long — or maybe
longer decay times?

Place some distilled water in a

vial and repeat some of these : S |Sn?;;||2§
measurements. What is the

) s - . - . . . . {1 ZSelect
decay time? How does the N T ] Folder
signal depend on the period, on ' f % -
pulse length (A _len_, etc.? et - | save
Explalnwhatyouobserve R e JEk
Which properties are the same CH a0V it 10.0rris Ext 7 TBdmY
and which are different between FHIEnt Falderis AR NMEOATS
water and mineral oil? Figure 3.4 FID of Heavy Mineral Oil
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C.3 The 180° Pulse

The experimental criterion for obtaining a 180° pulset, ifan RF burst that rotates the thermal
equilibrium magnetization from the + z to — z axis, Eutse approximately twice as long as a 90°
pulse, yet one that leaves no FID signal after it.yWhsignal? Well, if this pulse has rotated the
magnetization exactly 180°, it has left no componemil in the x-y plane. No x-y magnetization,
no FID signal!

You may, however, had tried to obtain a 180° pulse and fosnth# signal after the pulse that
you cannot eliminate by making the pulse time longehorter or even by changing the
frequency. What is the problem?

To explain the effect, one must carefully examine vidvabappening during the RF pulse. When
the signal for the pulse comes from the pulse prograntheeRF power is connected to the sample
coil. An RF oscillating current rapidly builds up in thal @t the synthesizer frequency. It takes
time, (~ 0.2us) to build up the current, since it is a tuned circuiter; the signal comes from the
pulse programmer to turn off the current, to “open théctWwand end the pulse. The solenoid is
disconnected from the synthesizer. But again, becheseoil is part of a series resonant circuit,
the current takes a finite time to die out.

Now, suppose that the resonant circuit of the samplevesituned to a frequency slightly

different from the frequency of the synthesizer. Wtencoil is disconnected from the
synthesizer, the RF oscillating current will decagéoo at this different frequency. Thus the spins
have been subjected two different frequenciesduring the entire burst of RF oscillating fields.

You should be able to show, with diagrams and by consgléne effective field in the rotating
frame, that one cannot obtain a true 180° pulse underdhdition. One will always observe a
FID signal after a pulse with two frequencies.

Luckily, you can easily eliminate the problem:

1. Tune the spectrometer to resonance and obtain $h&&@° pulse possible.

. Adjust the fine tuning capacitor in the RF sample peobmall amount. (Remember
which way you changed it!)

3. Change the pulse width and see if the “tail” of tHe &lter the 180° pulse is smaller or
larger. Ifit is smaller, continue to adjust the finaing the same direction. If larger,
reverse your tuning direction.

4. Keep changing the pulse width and the tuning capacitoryontihchieve a null after
the 180° pulse.

What you are doing is simply tuning the series resoneinogt of the sample solenoid to the exact
frequency of the synthesizer. When that has beemaalished, the spins only experierage
frequency during the entire pulse burst.ou should be able to achieve a near perfect result.

This is the best way to tune the spectrometer for all paéd experiments. It assures that only
one frequency is imposed on the spin system during the pul$es “two frequency” effect cannot
be observed from a 90° pulse, so it is best to tunepgeir®meter with a 180° pulse before doing
any experiments.
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C.4 Free Precession; Fluorine

C.4.a Overview

The spectrometer comes with several fluorine liquidsghauld now be studied. In this
spectrometer, the magnetic field is kept constant aadhe RF frequency that is changed to
observe the fluorine NMR signals. It is necessamgtane the spectrometer to detect the
fluorine free precession signals. But, before you df thanportant to adjust the magnetic field
gradient coils so that the field at the sample hasagmum homogeneity. This can best be
accomplished with the protons in the water sample.

The data shown in Figure 3.5 shows a decay Tek .. EiTied —  WPos 1000ms  SAVE/REC
time of about 25 ms due to the field : e LE R e
inhomogeneities over the sample. (At this e
time, you will have to accept our word for that | £ [l e

are due to the sample.) You should be able to | £....|.4.ivooivivniiin oo Saving
adjust your spectrometer to have at least 10 m¢ | e R e

decay times Select
The adjustment of the field gradients should be F | ™ = = oo i
donewith the temperature control l00p closed e - ioo i T —— 0 Save
and the magnetic field stabilized. This will TnaE AR
prevent the field and the field gradients from = " e

drifting during the upcoming measurements of
fluorine signals. A fluorine nucleus has a
smaller magnetic moment than the proton so thaharsame magnetic field, the resonance
frequency of the fluorine will be lower than that bétproton by about 6%.

Figure 3.5 FID of Water Sample

Important constants to note are:

Proton’s NMR Frequency:  42.576 mHz/T
Fluorine’s NMR Frequency: 40.044 mHz/T
fIfJorine/fproton: 0.9408

C.4.b Fluorine Liquid FID
The following is a set of directions and questions to gyide exploration of the fluorine free
induction decay signal.

1. Calculate the new resonant frequency for fluorinesatdhe frequency of the synthesizer
to this new LOWER frequency.

2. Place the RF pickup probe in the sample chamber. Atfgistining capacitors in the RF
sample probe for maximum signal. This should produce an@apm@tely 40 volt peak-to-
peak RF burst during the pulse.

3. Switch the BAND toggle on the receiver to f.

4. Start with the clear liquid sample labeled FC-770. Rdafesv drops in a sample vial.
Place a black rubber stopper on it with an O-ring collar
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Adjust the A_len to produce a 180° pulse.
Tune the RF probe to achieve a near perfect 180° pulséa(l).
Adjust A _len to produce a 90° pulse.

Study the FID signal amplitude as a function of the deio Vary P over a wide range and
plot your data. Describe the ways this plot differsnfnwhat you found for the water and
mineral oil samples.

© N o O

C.5 Fast Fourier Transform

The FID signal from FC-770 looks very different from thmeral oil or water sample. The decay
time is shorter and clearly not exponential. Theamnation of this signal starts by considering the
possibility that there is more than one “kind” of fluner atoms in this liquid. By “kind,” we do not
mean different isotopes of fluorine. All of our nuceé B°. We mean that in this complex liquid,
fluorine atoms may be located in different parts ofrtimdecule with different local surroundings.
These different local surroundings create different lowadnetic fields. Since it is the total field

at the nucleus that determines the nuclear precessigueincy, different nuclear sites produce
different precession frequencies. This very importanperty is essential for chemical and
biological analysis of various samples. It has a nalnis call theChemical Shift.

To analyze how many different fluorine sites thereiar=C-770, we will look at the fast Fourier
transform (FFT) of the FID signal from the phase s®adetectors. To do this, it is essential that
the spectrometer’s frequency @k resonance so that the FID signal from Q looks likgifg 3.5.
The FFT of this signal is shown in Figure 3.6.

Tek i @ Stop b Pios: 4. 440 SAVE/REC  Tek ML @ Stop Fos: S7S0kHz:  SAVE/REC
T T T : T T T T Ty ——————— O prrrrrrrorrerrr o per T T T T S
||| e e aas e e File
i Farrnat
| {11 R SR AR s P e EMP|
i | 5 : = o ; ; i 1 About About
okt I ] I L bt Sawing Saving
1
[ i | : : ; 1 Images Irmages
TR ) 9 L e ern o ot yar i op Pty o e s SR A Al i gl G Ty
i | W B e Select
| e e e e bt Folder Falder
QiaYE s Gl S tnedes e o el e
S 11101 S 1111 1
"""""" CHE TOBWEy M T00ms  Exto 160% CHZ 10006 1.25kHz C250ks/s9  Hannin
26-Mar-08 01:56 < 10Hz Current Folder is &% MFB-0ATY,
Figure 3.5 FID of FC-770 Figure 3.6 FFT of FC-770

Clearly Figure 3.6 shows that there are three distirtpmdicating at least 3 inequivalent
fluorine sites. One peak, however, may actually befeaks that are very close together. There
may also be a fifth peak at a much smaller intengiiiyemists, especially organic chemists, use
this technique to identify certain atomic clusters oleoules.

One can examine these spectra for different repepioiods P. What does this tell you?

Why didn’'t we see chemical shifts in mineral oil?tutns out that fluorine atoms typically have
much larger chemical shifts than protons. To see prstidts directly requires a much better
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magnet, much more sophisticated gradient coils, and @nsystspin the sample. (Spinning the
sample requires some explanation that will not be dmnega.) All that can be done in a much
more expensive spectrometer. But all of the principfetudying “chemical shifts” can be learned
with your PS2-A using fluorine liquids. That's why we hgvevided you with several safe
fluorine liquids to study.

C.6 Fluorine Solids FID

What differences can be observed between solids anddigjuieflon is a common solid worth
studying with these simple one pulse experiments. How ttheeBeflon compare with the fluorine
liquids? You may not know that there are several kindsefibn — some made from recycled
material and some “virgin”. You might want to seehéy exhibit any different NMR properties.

. TWO PULSE EXPERIMENTS

Next we will consider experiments that have two puldesnd B, which are separated in time.
Here, a single pulse sequence consists of two bursts ofdgnetic field (whose length you can
choose with A _len and B_len) separated by a variabk timThus, there are four parameters to
program into the pulse programmer: A length, B lengf{the time between A and B), and P, the
repetition time of the entire A, B cycle.

D.1 Spin-Lattice Relaxation Time, &

D.1.a Overview

In the introduction section, we discussed the timekigdor the z-component of the magnetization
to grow to its thermal equilibrium value. Equation 1.14 mete situation where the sample
starts from zero magnetization, @) = 0 and grows to Mx{ ) = My, its thermal equilibrium
magnetization value. 1Tis a very important physical parameter since it telgbout the

mechanism of the spins interacting with their envinent. There are materials that hayesdlues

as short as microseconds and some that havaldes as long as several seconds. Let’s examine
some experimental ways of measuring it.

Actually, you have already made some crude estimates ofdu should have observed a
decrease in the FID signal strength for decreasing tiepetime P in the single pulse experiments.
Sometimes, that decrease is not observed until P ~ Bdn®r other samples, the decrease was
noticeable for P ~ 1 second. The explanation for #8fis/ou may have realized, is that too rapid a
repetition time does not give sufficient time for tipgns to return to their thermal equilibrium
value before the 90° pulse. This condition is oftenrrefeto asaturation. By looking at these
plots of signal vs. P, one can make a reasonablesassaisas to the spin-lattice relaxation time.

D.1.b Measuring T

But let’s do better than this estimate. A good sangpk&drt with is mineral oil. The best place to
begin is with the differential equation that governsghecess of the spins returning to their
thermal equilibrium value (1.13).
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dM, () _ Mo =M, ()
dt T,

(1.13)

Now, however, we will consider a new setifial conditions. The first pulse, A, will be a 180°
pulse, which takes M (in the + z direction) and rotates it 180° so that ftow in the — z direction.
The magnetization will then return toghh the +z direction with a time constant af TFrom the
differential equation we can see that the rate of natuproportional to the difference between the
instantaneous value of ff) and the thermal equilibrium valuggMSince the initial conditions are
not the same as those described in Chapter 1, equatiowill Adgt be valid. It is the job of the
student to derive and plot the mathematical equatiordésaribes the way the magnetization
returns to equilibrium after an initial 180° pulse.

Once the equation has been determined, an interestibgprarises. How do you determine the
instantaneous value of t)? Remember, the spectrometer never directly dedct All of the
spectrometer’'s NMR signals come from precessing magiietizn the x-y plane. This x-y
precessing magnetization induces an emf in the sampleTdw “trick” is to follow the initial

180° pulse witha 90° pulse to interrogate the z-magnetizationThis second pulse rotates the z-
magnetization 90° into the x-y plane. Tih&ial amplitude of theFID after the 90° pulse is
proportional to the Mmagnetizatiofust before the pulse This two-pulse sequence in then
repeated with different times, between the A and B pulses. Note thattfor T, the initial
amplitude of the FID should be proportional tg. M

Using this two pulse sequence, measure thef Your mineral oil sample. Do this in two ways.

1. There is a timeg such that the amplitude of the FID signal is zero.s Zdnb-crossing time
can be used to make a better estimate; offJerive the expression for extractingfiom
this time measurement.

2. Plot your data in any way you can support and extraftbmn this plot. Estimate your
systematic errors. Note: Having an accurate vallModbr a signal proportional to §iis
very important. Suppose, for example, that there is adi®86 in the measurement opM
How will that effect the measurement of?T Think of some clever ways to determing M
accurately.

Warning: All of the Bloch equations describing the spin systetaad ®n the premise that tlpin
system is in thermal equilibrium before the first pulse is applied. Since these pulse segsiare
applied every P seconds, it is essential that the bpigs/en adequate time after the last pulse in
the sequence to recover to thermal equilibrium. How ninwhneeded? At least 3,Tor better
yet, 10 T, for accurate measurements. It is crucial to make d getimate of T before you
attempt an accurate experiment of any magnetic resememameter.

D.2 Spin-Spin Relaxation Time, T

D.2.a Overview

The spin-spin relaxation timep,Tis the time constant characteristic of the deddfetransverse
magnetization of the system. Since the transveegmatization does not exist in thermal
equilibrium, a 90° pulse is needed to create it. The dddime dree induction signal following this
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pulse would give uslif the sample was in a perfectly uniform magnetiafiehs good as the

PS2-A magnet is, it is not perfect. If the sample’ssTonger than a few milliseconds, a spin-echo
experiment is needed to extract the real For T, < 0.5 ms, the free induction decay time constant
is a good estimate of the reali'the field gradients have been adjusted for maximum
homogeneity over the sample.

D.2.b Two Pulse-Spin Echo

We have already discussed the way a 180° pulse following pu®¥ reverses the x-y
magnetization and causes a rephasing of the spinstat éirlae. (See Chapter |, Section B) This
rephasing of the spins gives rise to a spin-echo sigaatan be used to measure the “real” T
The pulse sequence is:

90° - -t - - 180° - -1- - echo maximum (total timegp

A plot of the echo amplitude as a function of Tek . fl.—@Str _ _ MPesTsfine . SAVEFREC
the delay time 2will give the spin-spin sy hetion
relaxation time . The echo amplitude i - T T
decays because of stochastic processes am¢ £ R
the spins, not because of inhomogeneity inth £ = |1 ] EEE
magnetic field. The decrease in the echo F : o o] hbaut
amplitude is our window into the “real” T T ﬁj:;g‘i
processes. Eoaccnoono|alleobano: e e
L : : Select
.................. Folder
1 1 Save
i I TEKDOS3 BMP
I:H1' ' 'z'u'u'u'a'a,j """""""" T — Byt o 0,007
Current Folder is & MMBE-OATY,
Figure 3.7

D.2.c Multiple Pulse — Multiple Spin Echo Sequences

D.2.c.1 Carr-Purcell

The two pulse system will give accurate results for liqguilen the self diffusion times of the
spin through the magnetic field gradients is slow compardd.t This is not often the case for
common liquids in this magnet. Carr and Purcell devisedlaple pulse sequence which
reduces the effect of diffusion on the measurement.olthe multiple pulse sequence, a
series of 180° pulses spaced a tinapart is applied as:

90° -t -180°--2--180°--2--180°--2--180° - - etc.

This creates a series of echoes equally spaced betinee@B80° pulses. The exponential decay
of the maximum height of the echo envelope can be wseald¢ulate the spin-pin relaxation
time. The time interval,2 between the 180° pulses should be short compared timtheft
self diffusion of the spins through the field gradientisthat is the case, this sequence
significantly reduces the effects of diffusion on theasugement of I
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D.2.c.2 Meiboom-Gill

There is a serious practical problem with the Carr-€llupclse sequence. In any real
experiment with real apparatus, it is not possible tasadhe pulse width and the frequency to
produce an exact 180° pulse. If, for example, the specteonmves producing 182° pulses, by
the time the 20 pulse was turned on, the spectrometer would have accuchalaceational
error of 60°, a sizeable error. This error can lmwshto affect the measurement of Tt gives
values that are too small.

Meiboom and Gill devised a clever way to reduce thisiacdated rotation error. Their pulse
sequence providespdase shiftof 90° between the 90° and the 180° pulses which prevents the
accumulated error to the first order. The M-G pulsa tgaies more accurate measurements of
T,. All of your final data on Tshould be made with the Meiboom-Gill phase sinft The

only reason it is not permanently built into the rnstent is to allow you to see the difference

in the echo train with and without this phase shift.

Telk I @ Stop F Pas: 39.20m SAYESREC Telk I @ Stop F Pas: 39.20m0 SAYESREC

Froaag (NN AN NN NN NN

Select Select
..................................... Folder Folder
SRR A L5 NS TYS VU et i I B L LTSGR,
R : : : o : : . JTEKDOS4.Ek4P e : : : : : : : - 1 TEKDOSS.BRP
CHI Zoowey MA0Oms Eut 7 000V CH Zoowew MA0Oms Eut o 000V
Current Folder is & MMBE-OATY, 2—-May—05 0413 =10Hz
Figure 3.8 Meiboom-Gill Sequence Figure 3.9 Carr-Purcell Sequence

D.2.c.3 Self Diffusion

Carr and Purcell showed that self diffusion leads taldeay of the echo amplitude. For the
case where the field gradiemB/0 z, is in the z-direction, the magnitude of the echo gradi
as a function of delay timeis given by the expression:

3
_yz(diB)Dir
M(r)=Mye 92 12 (3.1)
If the sample is placed in a known field gradiénis possible to use this pulse sequence to
measure D, the diffusion constant. This is an aded experiment to be attempted only after
mastering the basic measurements 04fid T.
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E. CONTINUOUS WAVE (CW) EXPERIMENTS

E.1 Overview

Historically, NMR experiments were all done using saaeation of what is called CW
experiments. They are rarely carried out today, hstwiorth a student’s time to carry out a few
CW experiments and to understand how to analyze thaldgtgroduce. All of these experiments
use a continuous, rather than pulsed, radio frequency fiethus imposed on a sample inside a
coil or cavity. In some experiments the RF frequascsyvept, but in the experiment we will
consider, both the RF frequency and its amplitude renoeistant. It is the magnetic field that is
varied through the resonance condition. Consider thergwental set up shown in Figure 3.10.

RF 50 Q cable

sample probe LNA

20 db couple On to amplification
and detection

/N
50Q CwW
Termination INPUT

Figure 3.10 Schematic of Configuration for CW Experiments

Both the A and B pulses have beéamed off and the CW OUT on the synthesizer is connected to
the CW In on the receiver. The CW toggle is turned Now the spectrometer can be represented
by the schematic shown in Figure 3.10. Here, the RF pisvdirected to the sample coll via the

20 db directional coupler. Most of the power goes to th@ &¥rmination, but one hundredth of
the power travels down the $Dcable towards the RF probe. That power excitesdleasid
surrounding the sample.

Now, suppose you are clever enough to adjust the capanitiies RF sample probe such that the
impedance at the input of the probe is exactlf25fure resistance. You have succeeded in exactly
matching the input impedance of the probe to the catfeligcteristic impedance. For such a
case, there igo reflected signal from the probe and thus no signaltheéls from the probe down

to the Low Noise Amplifier (LNA). The output of the IANs then only noise.

But this 50Q match was accomplished with a sample in the RF sidledthe sample has a small,
but very important effect on the inductance and thepdiien of this solenoid. The nuclear spins
affect the inductance since they are magnetic andpthg’ soupling to their local surroundings
affects the dissipation in the colil. It is these [baféects that are used to detect magnetic
resonance.

Suppose the sample is now subjected to a DC magnetigvielsle magnitude is slowly changed
with time. If the magnetic field is swept through tbecalled “resonance condition” where

Bo = oly (o = angular frequency of the RF field), then both the itahue and the dissipation of
the solenoid change. This change causes changesnnpeg@ance match at the input to the RF
probe. The probe is no longer matched. That measfieation occurs at the input, sending a
signal down the cable to the LNA. This signal is taewplified, phase and amplitude detected and
ultimately recorded.
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This description is rather brief. It is advisable &ostudent to look up some references to obtain a
more complete description which includes a mathematieay/sis of CW resonance experiments.

E.2 Probe Matching, Theory

How is it possible to match a RF sample probe t©g0esistant impedance) when the only
components inside the RF sample probe are capacitoenanductor? The inductor’s resistance
is much smaller than 5Q. Here is an explanation.

Consider a simple series resonant RCL circuit withmmment values R, C, and L. The impedance
of the series combination of these three elem&atss simply the sum of their individual
impedances,

Is=2rtZc+ 7, (32)

For each element, the impedance is simply the suneattl (resistive) part R and the reactive
(imaginary) part X, X =R + X. For each componemis#s are:

XR =R (3.3)
-1
X =— (3.4
c T )
X, =ialL (3.5)
We can write Zs in terms of resistance and reactaase
ZS:R+XC+XL:R+XS (3.6)

where we have define s = X + X, as the sum of the reactance of the sample coil and it
series tuning capacitor.

Since the last element in the circuit (the matchemggcitor) is going to be added in parallel with
series combination of the above three elementsyavet to convert the value afg into an

admittance,Ys= 1/Z5. (Admittance is the complex equivalent of a conductasmdor parallel
combination you simply add admittances.)

11
Z. R+ X

The admittance may be expressed as a sum of its réalhgaconductance, G and its imaginary
part, the susceptance, B.

s (3.7)

1 R-X
Ys =Gg + Bg = = = (3.8)
R+Xs R*-X3
- X
We can make the identificatiofg = — 5 and Bg = 2—52
R? - X2 R? - X2

We want to match to a 30 load which has an admittance (140 0)), so we want to choosé
so thatGs = 0.02S
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Consider the form oBs, recalling thatX is imaginary, so that? is negative.Gs, is a Lorentzian
with a peak value of RwhenX = 0. This makes sense because, on resonance, the eeactiv
component vanishes and we simply have the conductarnhe séries resistor, which models the
loss in the resonant circuit. Values of R are @ndtder of 0.2 which makes the peak Gk
about 5 To match to 5@ we need a conductance of about (8020 we de-tune the resonant
circuit, increasing the value o¥2 (which is positive) untiGs= 0.02S. We can achieve this by
detuning the resonant circuit either above or belowofierating frequency.

Now that we have the real part of the admittance meakcconsider the form of the imaginary part,
the susceptance.
- X 1L/ aC - al
Bs = 2 52=(2 2) (3.9)
R® - X3 R - Xg

B is imaginary and looks roughly like the derivative ofadntzian. At frequencies below

resonance, its imaginary component is positive, afie@tiencies above resonance, its imaginary
part is negative We choose to detune the circuit so that we are operating a freencies above

the natural resonance so thatBg is negative. We then simply add a matching capacitor in

parallel which has a positive susceptancdgf=iaC,, to cancel the negative susceptance of the
detuned series resonant combinatioB8, is simply the reciprocal of the capacitive reactarfce o
the matching capacitoX . =-i/aC,,

E.3 Observing a CW Resonance

In several ways, CW resonance experiments are mificelll{iand produce less accessible data)
than pulsed experiments. We will take you through theldgletiihe CW experiment using an
FC-43 fluorine liquid sample.

Begin by adjusting the magnetic field gradients for optimefd homogeneity using a proton
sample (water). Now retune the spectrometer to obsefluorine FID signal. The FID signal
from FC-43 and its FFT are shown in Figure 3.10 and Figure 3.11.
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e s ] Folder A et LTl E g L g RO Folder
RS el L o L N ML . .
: : : : - : : ; : 1 TEKDOS6 BrP 3 : : : : - : ; : : 1 TEKDOST BMP
"""""" QT I N 11 |:H2"1'n'|jc'|a""'1"2'5&Hé'c'2'5i3ic's}§-.i"""""""""""' Hanning
Current Folder is & MMBE-0ATY, 2F—Mar—08 2307 <10Hz
Figure 3.11 FID FC-43 Figure 3.12 FFT FC-43
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It is clear from the FFT that FC-43 has at least itveguivalent fluorine sites separated by 1 kHz
(0.8 div x 1.25 kHz/div). Performing a CW scan of this sampk would expect to observe two
resonances separated by 1 kHz in frequency “space” o2by@uss in magnetic field “space”.

However, before we can observe the CW resonaneeabacitors in the RF must be adjusted for a
very good impedance match. This may take some timegiabpéne first time. How does one
know that the coil is almost exactly impedance match€&d@re is a straight forward procedure
which is outlined below:

1. Set up your oscilloscope for the x-y display and adj@sbfiset controls so that the single
spot is at the center for all gain settings with tli&daupling and the INPUT grounded.

2. Now connect the output from | and Q to inputs 1 and Zherstope. (It does not matter
which output goes to which input — but the scope mui®eoupled)

3. On the synthesizer module, go on the menu to A andt doljusinimum output,
namely -65 dbm (65 db below one milliwatt). The synttezsirequency should have
been set at the resonant frequency needed to obserkxtsignal on the FC-43
fluorine sample.

4. Increase the CW power level and observe the sptiteoxry display on the ‘scope. (Set
the gains on x and y to 50 mV/div.) The spot will mowawafrom center indicating a
reflected signal from the probe.

5. Adjust both the tuning capacitor and the matching capdaaitreturn the spot to the center.

6. Increase the rf power and repeat the tuning. Do NfDirate the amplifiers (this changes
their input impedance) with too much power. Keep the pdoveienough to adjust the
spot back to the match condition. This will take sqmaetice. If you initially change the
tuning capacitor in the wrong direction, you will notdi#e to achieve a match condition.
(See E.2) When you are near match, the match beapumessensitive to changes in the
matching capacitor. Final adjustments must be madetatimatching plunger fine
control capacitor.

7. Now you are ready to search for a CW resonant sigf@all need to sweep the magnetic
field over a large enough range so that you can obdaeventire signal and slow enough
so that you allow all the low-pass filters in theteys to remain in quasi static equilibrium.
The magnetic field sweep is done through the Lock-In moddlee Swp 10 connector
provides a voltage out proportional to the field sweeparRaters you can vary are:

1. RF Power 4. Sweep Time
2. RF Phase 5. RC Time Constant
3. Sweep Amplitude 6. 1,Q, Env Detector

8. Compare your FFT, FID and CW signals. Are they coivlp&t Why are CW resonant
experiments almost obsolete? How can you extraend T, from the CW data? Was the
CW “splitting” predictable. Does one method give betignal-to-noise than the other?
Explain.
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Figure 3.13 shows our data for FC-43 under the following comditi
RF Power: 10 dbm
Phase: 100°
Sweep Amplitude: 0.625 gauss for 5 div on scope (half scale)

Oscilloscope: 200 mV/div, TC 3.3 ms, x-y display,
x-axis connected to Swp I/O (Lock-In), y-axis to @ (Rec)

Temperature Control Loop Closed
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X : . : : : X {1 TEEOO41.EMP
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Current screen display saved to & NME-04T S TEKOO0.ERP

Figure 3.13 Data for FC-43

Note: | have “cheated” you a little here. We addedCdd®v-pass filter with 10 k and

10 uf; RC ~ 0.1 seconds between the Q out and the ‘scope.gidatly reduced the 60 Hz
pickup that we experienced taking this data. You may waatidosuch a simple filter to
your apparatus. But, be careful to take it into accouetwiou set your sweep rates. This
pickup can be greatly reduced by keeping the magnet far agrayafny 60 Hz magnetic
fields. These fields are strong near the transfoohtre power supply inside the
Mainframe. Keep the magnet as far away from the fvéaime as possible. Also, keep it
away from the AC power lines in our lab.
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V. EXPERIMENTS

PS2-A is a research grade Pulsed/CW NMR spectrometerleafaarrying out a wide variety of
experiments and research projects. In this briefseate are listing, in no particular order,
experiments that instructors might wish to considetheir laboratory programs. This is certainly
not an encyclopedic list; rather, it is a collectadrexperiments that will provide a challenging
experience to both undergraduate and graduate students. tidl @tperiments require a careful
reading of the literature to obtain a thorough explanaticthe physics behind the experiments.

1.

10.
11.
13.

Measure Tand T, of water doped with paramagnetic ions over a wide cdrat@n range.
Paramagnetic ions that dissolve in water include ¢a80 Fe(NQ)s.

Measure Tand T, in glycerin and water mixtures.

Glycerin and water mix in any ratio. The motiortleé protons in glycerin is significantly
changed by the change of the liquid viscosity with thetmahdof water. The relaxation times
can be correlated with the viscosity of the liquidwadl as with the water concentration.

Measure Tand T in mineral oil with solvents. The relaxation tsnef protons in mineral oil
diluted with organic solvents show the effects of difasand correlation times.

Measure Tand T, in Petroleum Jelly

Vaseline is not a solid. The two relaxation tinmeicate fast molecular motion which is
characteristic of a liquid. Samples can be heated grasTwell as 7, can be estimated as the
sample cools to room temperature. Other organic greaesufficient proton concentrations
can also be studied.

Biological Materials

Most biological materials have protons, usually inexaolecules. Measurements afaind

T, in biological materials give detailed information abthé local environment of these water
molecules. This area of exploration is wide open.s Titight be an area appropriate for an
undergraduate research participation project.

Discover inequivalent fluorine nuclei in the variousfine liquids that come with the
spectrometer; HT-110, FC-43, FC-70, and FC-770.
Look up their chemical structure and identify the varitusine sites.

“Watch” epoxy cure. Study;Bnd T, of various slow curing epoxies and explain the data.
Rubber is a peculiar substance. Use various pensgireras samples. Studydnd T, as an

eraser cools. You will have to estimate the tempeegasince it is difficult to measure the
temperature when the eraser is in the sample coil.

Can you observe inequivalent protons in Ethel al®Mhat about in an echo sequence?
Measure spin diffusion in distilled water.

There are well known fluorine greases. Measut@nd@ T, in those salt solids.

Examine virgin and recycled TEFLON. Can you distingthsim from their NMR data?



