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INTRODUCTION

Because of the enormous and universal success of Fourier transform (FT) NMR mecthods,
the continous-wave (CW) instrument has become ncarly extinct.  This has brought about a
somewhat conflicting situation in teaching the basics of NMR spectroscopy:  Clearly, the
cmphasis is on the FT mcthod with all its intriguing implications. However, certain fundamental
principles arc strongly related to CW theory, and therefore it is equally true that in order to
achieve a healthy perspective on NMR, the CW concept simply cannot be brushed aside
altogether. From a practical viewpoint, it should also be noted that the CW method is still
important in other arcas of magnetic resonance (e.g., ESR), and it has been resurrected to an
extent on some high-tech FT' NMR instruments for special applications. The method is also
important for the operation of spectrometer lock-systems. Furthermore, at a basic level, the CW
concept is more complicated and involves more mathcmatics than the FT mcthod, and so a
reasonably elaborate treatment of the CW theory incvitably tends to blow the issue out of
proportion, Indecd, this may be onc of the rcasons that in modern NMR textbooks and courses,
the topic is discussed only in a very sweeping manncr, if at all.  Yet we cannot escape the
feeling that this deprives the novice of a more profound understanding of magnetic resonance,
which scems to create a subtle conceptual problem in the teaching of basic NMR,
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at the 2 axis

It is interesting to examine how the magnitude of B, influcnces this picturc. When B, is
increased, saturation becomes more significant, (In the vector model, the degree of saturation
corresponds with the shortening of the M vector with respect to its original length, M,). Figure
6 shows computcr simulated resomance circles that were calculated by implementing the
corresponding solutions of the Bloch equations for three difforent, increasingly higher B, valucs,
with all other parameters being unchanged. For simplicity, 7, was taken to be equal to 7.
Each circlo is positioncd on the surface of the same sphere, which posseaxcs the characteristic
panwm dcp-cﬂ.d in Fig. 6a (it is a spbere only if 7, = 7,). The projections of these circles
onto the y' and x* axes, represented as a function ol Wy lﬂotd the familiar absorption and
dispersion r signals, respectively. The surface of this sphere represents the equilibrium
of the absorption and relaxation rates, but now also as a function of the amplitude of B, As
B, is increased, the plane of the circles tilts downward, and the net magnetization tends to
disappear while moving on the surface of the sphere, The reason for this becomes clear from
tho following argument: Let us be cxactly on resosance, with M lying within the zy' planc. The
definition of the R, and R, vectors tells us that if 7, = T, then ZR always points toward the tip
of the M, vector. If, for simplicity, we take both 7, and 7, to be wnity (eg, ! 8), then
ZR = M, - M (Fig. 7). Since T is nccessarily perpendicular 1o M, the T + ZR = 0 equation
ensures that ZR is also perpendicular to M. Thus, when we foree M to take up greater ¢ values
by slowly incrcasing B, (and thus T), M nccessarily has to move along a Thales circle, and
thercfore its length decreases monotonically, as shown in Fig, 7. Evidently, M can never reach
the y* axis, because at this point, T would have no T, component to counterbalance the influence
of transverse relaxation, and the macroscopic net magactization would be complcetely climinated.
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ABSTRACT: With the trend of deslgning supersensitive probes and very-high-fie
magnets, the phenomenon of radiation damping 1s Increasingly being percelved as starti
to invade the realm of narmal nuclear magnetic resonance This article explores the scot
and limitations of the various spectral tools avallable to diagnose the presence of radiatic
damping It is shown that the recovery rate of the M, magnetization is the most sensiti
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INTRODUCTION

A substantial part of nuclear magnetic resonance
(NMR) theory is based on the well-known lincar
differential equations of Felix Bloch (1), This
delightfully linear world of NMR is occasionally
disturbed by some rogue nonlinear phenomena,
probably the most important of which is radiation
damping. The phenomenon of radiation damping
involves the coupling of the magnetic spin system
with the radiofrequency (rf) coil used for signal
reception. Following a perturbation, this interac-
tion forcibly drives spins toward thermal equilib-
rium in a nonlinear process, which gives rise to
some unorthodox spectral effects,

The magnitude of the spin-coil interaction
increases with the length of the net magnetization
vector involved and the sensitivity of the coil
(related to the so-called Q factor). The moder-
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ately high external magnetc fields
probes that were in general use for ¢
an interaction so small as to be safel
most applications as well as throughc
retical development of spin physics
following its first description in 195
bergen and Pound (2), radiation «
mained an cxotic phenomenon tradit
ciated only with very intense resonar
originating from a solvent signal o
highly concentrated samples.

With the advent of high fields :
high-Q probes, radiation damping is
perceived as potentially infiltrating 1
typical, everyday samples, and has 1l
come a rencwed focus of NMR resea

The presence ol radiation damg
detected in several ways, provided th
is sufficiently strong. However, we;
damping is less readily detected, altl
appreciably influence the thermalizal
This article gives a review of the w
tion-damping markers by pointing ou
and limitations in terms of evaluating
to which the studied system is affect
ing. A unique radiation-damping tes

axis so that the angle 8 shrinks from its initial
value 8, to 0. Assuming that normal relaxation
processes can be ignored, Lo, M, does not change
its length, this nutation & decribed by the follow-
ing differential equation:

dn sindl
= uyB(0) & — —0x (]
s

where 7)) is the charactenistic radiation-damping
time constant (17). (Note that here we use “T)"
mstead of the gencrally uwsed notation “7," for
reasons that will become clear shortly). The pro-
cess i sell-destructive in the sense that as M,
upproaches 2, the #_initiating component M,
tends voward zero [Fig, 1bo)l

By a simple rcarrangement of the oquations
given by Abragam (17), we can express the rela-

M, and B w o tuned oo
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The cffccts of radiation damping are treated hy
the Bloch equations extended with the radiation-
damping terms (1X,19) (note again that the driv-
ing B, ficld of w, sngular frequency is along the
rotating frame +x" mask
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where 7, and 77 are the longitudinal and trans-
verse  (mstrumental) relaxation  times, respec-
tively.

Analytical solutions for Eqs. [4] can be ob-
tained only if cither radiation damping or relax-
ation can be ignored (19200 Therefore, to keep
our treatment of the effects of rdintion dumping
general, we resort 1o the numerical integration of
Egs. [4] using the Runge-Kutta method (21).
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Al this point, it becomes useful 1o linger shortly
on the meaning of # and 7. The strength of
radiation damping is exclusively determined by
the value of & which links. as noted above, M,
and B_,. Assuming that the sample completely
fills the tuned coil, the value of # is speaifically
characteristic of the probe, i.e., it depends only on
the Q factor and . By dduting o sample o, say,
half of iy original concentration, M, will also be
halved, but since 4" remains the same i a given
probe, the value of T i doubled. Funthermore,
if the infiuence of normal refaxation processes on
the length of the nct magnetization vector M
cunnot be ignored during radiation damping.
uny given instunt the torque K, will act on M
[where M = (M7« M2+ M) and not, of
course, on M. Consequently, in Eq. [1), 7] must
be replaced with 7, 1o reficct the fact that the
radian WAV Changes

n-damping time nstant ach

It s now clear that we use the notations 7))
and 7, to stress whether the radintion-damping
time constant is pertisent to the thermal-cqui-
librium net magnetization M, or a changing net
magnetization M. Obwviously, with a given probe
(Le., a given @ wvalue), the amount of radiation
damping experienced by a system can usefully be
churacterized only in terms of 7,5-—which is whit
Is meant by the radiation-damping time constant
of the system, although it s denoted as 7, i the
litcrature.

In this articlke, we will be comparing systems
expeniencing diffcrent degrees of mdiation damp-
ing, and to this end we bave two options. (a) We
can eovisage W given sample (Le., a given M)
being imvestigated on various probes with various
o, and consequontly different 7,5, values. (h) We
may use the same probe (ie., o given @) and
imagine the concentration (¢, M) of our sam-
ple being varied to obtain different 7.0 values.,
Although scenario (b) s more applicable to o
realdife situation, it has the disadvantage that M,
and 75 both change, which i Inconvenient for
the purpose of an intuitively well-accessible com-
parison of different systems as well as i the
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The “Hidden'" Exchange Partner in NMR Spectroscopy.
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The presence of hidden exchange partnens is a possible but  The fractional populstions are o, and py, wi
not generally recognized source of negative effects in the 'M{"H | | and there is a fregquency difference & = [, -
NOE difference spectra of molecubes that fall in the extreme the nonexchanging sites. The equilibrium nel
narrowing region. The true origin of these negative sigmals s tions are M., and My, such that Ak, =
uuﬂ,Wlﬂ&hmume Figure | shows the behavior of this system

""i'?'u_‘“‘"". ” ""‘",b, from slow exchange (ky, ky € Av) through m

hange Ky, k..<Av)Mdanhuu|u‘on

\-pt.l.m.u\ P 4 P s well as for p, =

eqguations an extra term for ransition
continwous selective RF irradiation, it is shown that i = two-
site prnhkm the umnbdm of the minor signal can be moch
lower

m
rnn The

y is lim ¢
dymamacal ;unmﬂﬂ\ (exchange rates, popalation ratios, relax
ation timses, and chemical shift differences ). Diagrams are pro-
vided for the 1
ratios determ o
menis L]

INTRODUCTIC
In systems that exchange moderate n the

frequency time scale, and the intcrvonverting species have

quently din

partner” can pose regarding 'H('H ) NOE

particularly in relation 0 "H spectroscopy. TY

(e, ). ihe eXCHAREE  1he gystem 10 selective RF saturation is also &
RESULTS AND DISCUSSION

long residence times can show inal exchange beoad- Y

e-ummwm-n::muumyu General Remurks Regarding “Exchange Win
brosdened beyond detection. This latter phy We that o hidden exchange partner |
known & the “hidden” exchange partner, is not uncommon,  because of two features: (1) The minor compy
and has been the subject of various studies ( /-3). To illus-  tically invisible in the 'H spectrum because of
trate the problem, we take an uncoupled two-site exchange  onance und small sgnal height H,, relative to th
sysiem in which the minor (m) snd major (M) species in- Hu (In practice the half-height linewidth A,
terconvert with the respective forward and backward firste  greater than =30 Hz, and Hy /H,, must be at

order raie constants A, and &y, (it} Exchange broadening of the major reson
nonconspicuous or may be attributed 10 ather

Ken as fickd inhomogeneity or small unresolved sca

ms M the main signal therefore does not reveal the

Kne silent parner per s
For siow exchange (k. k.db).lhum
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MIDOEN EXCHANGE PARTNER IN NOE ANALYSIS R

minor signal. In effect, the major signal acts 28 a reservolr
hat drsins the minor site of its saturased magnetization while
foeding back less saturatod magnetization, thesehy making
saturation of the minor signal M3, inefficient. Thus, in a
difference experiment, ireadiation of the minor signal will
give 3 handly detoctable effect on the minor resonance ltself,
but the saturation transferred to the main ute where spins
“socumulate” gives & signal of grester | ity, It bs theref

In analogy to this, on irradiating the major parner intro-
duction of the term 2 WA}, into Eq. [ 5] gives for the magor
ognal M3/ My

MY R+ ko + ks
Mys Ry 4 20 = kg 7 Al + (2W/R))

191

actually easier 1o saturate the minor sgnal by sradsating its
major par than by irradiating the minor wignal itsclf,
Any impurity (8ot involved in chemical exchange ) which is
nearly commcident with the minor signal will be more effec-
tvely saturated by wradiation than the minor sgnal (Fig
3C). Onginally hidden or hardly detected small impuritics
may thus be made visible in the difference spectrum, as ex-
emplified in Fig. 3.

The above behavior of very based exchange systemy can
qlm he ratsnalied e follows When tranitions are indoced

a contimuows rradsatson, the time dependence of the net

bons

-J'- SR M — M) = A My + A M, (B}

The effoct of selectively irradiating the minoe partmer can be

duced by incorporating Eq. | 3] into Eq. [4] which then
gives the ded diffe | ey
AT
.L‘-’L - RAM ., -~ M3~ K M5
b haMy ~ 2WMA (6]
O~ R(Myr — M)~ My 4 KaM2. (7]

Somse algeheaic manipulation of Egs. [6] and [ 7] leads 1o
1he steady-state normadized minor signal ML/ M ,:

MY Ry + kg + Ky

. 8
Mo Rev 2W o Ao ¢ kol + (2W/R)) #

The ML/ Moot Eg. [R])and M3/ My ( Eq.
on 25 2 function of W for different valises of &, and ky
and calculated for R, = | 3" are shown in Fig. 5, It is readaly
seen that the more baased the exchange system, the greater
the difference in the saturabilithes between the minoe umd
major signals. At a population ratio of 1118 (k, ~ 15047
and Ky = 10 57'), the major signal saturates practically as

if it were not involved in the uchnov pmcm Honm'.
the minoe signal is highly 0y
muﬂylt!nbcanmn;dlhtu xwmnm

10 the low contine adiation power Tevels poemally em

EGE,

radwatson of the narrow major peak pertarbs 2 large aumber

pe difference in transition

e mupor site. The cooun

ence i Satr-

nor cnt coupling

( we allows lews recovery for the spins winle they
sate msequen the :mr,rl the refaxation

poed the differcace between senstivity

) mil signabs 1o suuration (Fig 6). Thus

\ jent, the irradiatod minor sigmal should
ore castly detected i very small molecules and /or for

hdliy u-bd ‘nuwm»n-é © (NS MRy B0 OC R 1Y el
in bigger molecules with shorter refsation times.

These resalts accond with the above descussed and exper-
imentally observed bebavior of the system, and therefore
our premise cegarding 1he treatment of the problem in terms
of the slow exchange approximation seems well founded.

Dynamical Properties of the System

A molecule undergoing a highly biased two-site exchange
exhibits & set of "H,, & "Hy proton pairs, cach of which
may posentially be in slow or fast exchange, or close 10 co-
alescence, depending on the specific Ar = |r, — ry| valoes
at the given exchange rates. Mmunmmﬁum

close 10 cood fLe, 0 dening ) will be
P ily the most indi wofmeotbﬂvnwmmld
chy We theredc y which show

mmmmtllkommummul
some of the 'H,, * 'Hy, pairs among the 10tal st are near
coalescence (both molecules 1 and 2 satiafy this condstion ).
That is. in addition 1o our two preconditions regarding es-
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The problem of signals generated in and received from regions
outside the active coil area is discussed in the context of using
standard measurement techniques. Some of the conceptual and
practical ¢ quences of the e of such transmon band
signals are highlighted. E include radiati
pulse-width calibration, lineshape and radiofrequency homogene—
ity tests, improper saturation, and exchange- and relaxation-rate
determinations. One interesting implication is that apparent sam-
ple-to-sample variations in the calibrated 90° pulsa width values
are a function not only of probe tuning and bulk \us(’nhllu\
effects, but also of the linewidths

In high-resoly
such that it ext

tortions caused by .u,‘ep..L.xl.\.v discontinuaties at .l.e ends ¢

applications. Within the fra tk of this opti

two articles note that band signals may be
and discuss their possible elimination by restricting the sample
volume using a microcell (2) or its suppression via a complex
scheme of gradient slice-selection techniques applied to a
selectively excited resonance (I). Although both methods are
useful in their own night. the first one involves some inconve-
nient sample preparation. sensitivity. and B, field inhomoge-

ne, in addition to possibly

stance,

dncirad

while the second o

mplications of transition-band si

Esamplea mvolve za&anou d.ampmg pmae-mdxh ganbmuun.

the sample volume and sample tube. As requi "mmost
applications. the coil produces a spatially almost uniform yB,
field strength within its active area embracing a ca. 10-mm-
long region of the sample along the = axis. Ideally. the yB,(z)
function should be rectangular. i.e.. constant along the active
(a) sample height Az® [yBj(z) = constant] and falling in-
stantly to zero at the upper and lower edges of the coil. While
the first req t can be adk 1y realized. i practice the
sharp drop in B, is inable. Consequently the total
sample volume consists not only of nearly uniformly excited
Az" and unexcited vertical layers, but also of intermediats

pe and rf he y tests, residual signals upon sat-
uration, and exchanze- and relaxation-rate determinations. A
t of the phenomenon will also be

semi-qp ive
given.

Thematerialnsedastheptimarvexpeﬁmenmlmbjectfor
exploring the main features of 'H transition-band signals was
simply a concentrated solution of chloroform dissolved in
DMSO-d,. For further demonstration some more complex sys-
tems were also studied.

All NMR measurements reported here were carried out with
ion Varian 5-mm 'H{**N-*!P} PFG Indirect -

a latest

weakly excited “transition band” (tr) regions Az within which
yBY(z) decreases from its maximum value to zero (I). Ac-
cording to Jahnke’s measurements (2), the upper and lower
transition bands add up to cover approximately a similar ver-
tical region as the active sample volume itself

Apart from a few examples (1, 2), the existence of signals
generated in and received from the transition bands has been an
almost completely ignored ph on in the high-resolution
NMR literature, in line with the notion that. being not only
weakly excited but also weakly detected (2). such “extrater-
restrial” signals are so small as to be safely disregarded in most

1090-7807/98 $25.00 33
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.

nmr pmbe (300 MHz) on a Varian INOVA 300 instrument
(3a). The presence of transition-band responses was also
checked and verified on the following probes and instruments:
(a) Varian 5-mm "H/'*F/"N-""P/(0ld) switchable probe (300
MHz), Varian INOVA 300 spectrometer (3a): (b) Varian
5-mm "H{"N-*'P} PFG Indirect - nmr probe (400 MHz),
Varian INOVA 400 spectrometer (3b); (c) Vanian 'H 4-mm (40
1) Nano - nmr probe (400 MHz). Vanan INOVA 400 spec-
trometer (3b); (d) Varian 5-mm ‘H{*’N-*'P} PFG Indirect -
omr probe (500 MHz), Varian INOVA 500 spectrometer (3a);
(e) Varian 5-mm "H{**C/'*N} PFG Triple - nmr probe (500

TRANSITION-BAND SIGNALS IN HIGH-RESOLUTION NME
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FIG.1. CHCL, 'H resonance (nonspinning) obtzxinad with the transmitter sat on-resonance and sn sctive-volume flip angle @° that is {a) slightly grastar than
1807 and (b) slighsly greater tham 360°. (a) The narrow main peak due to M* slready tume nagative, while the broader wings originating from Az + Az© are
still positive (A% < 120°). (1) The main pesk has rumed positive, and the wings break into two distinct parts: 2 narrower innsr wing (iw) associated with Az®

(180°
as the main resonance.

rescnance comes from the tramsverse components .M?-_‘.o +

M., in accord with 6% < 180°. In Fig. 2b, where #° = 360°

+ 8 the inner wings correspond to 1807 < 0° < 360° and the

s to 0 << 180° (as shown 'b low, 0F can actually
vB]

omter

tracked I“ monitoring further revolutions of the net magneti-
zations (pass.es 2, #3 and #4). On subsequent nadir-passes the
lineshape becomes less well defined as compared to pass 21,
partly because off-resonance effects cummulate with the mumber
of revolutions in the nadir area. This appears to be less of a
problem for zenith passes. where off-resonance errors tend to
be self-compensating.

Although the outer wings stay positive in round #1 (and
its remnants are still visible in round #2), they fade away in
further rounds and become difficult to detect beside the main
signal and the inner wings. More direct expenimental evi-
dence regarding their behavior comes from using a long
continuons presaturating field B, targeted at the main signal
of the CHCI; resonance (Figs. 1b, lc. and 1d). While the
main signal and the inmer wings are easily subdued, the
outer wings are quite insensitive to saturation. Application
of a relatively mild saturation power (Fig. 1b) leaves some
residual active-volume signal whose oscillatory pulse width
dependence is unaffected; in addition. the outer wings show
aperiodic progress toward steady state. When an appropri-
ately strong yB} field is applied which completely sup-
presses the main signal as well as the inner wings, but
canses only mild saturation within Az® (Figs. 1c and 1d), the
residual outer wings give an even metre COnspicUOUs non-

oscillatory pulse-width dependence.

< §® < 3607), and a broader positive owter wing (ow) associzted with Az®. The '“C satellite signals are accompsniad by similar transition-band responses

To rationalize the above behavior, we must consider the
following. Under the influence of on-resonance of irvadiation.
the net moment vector M decays in a characteristic damping
time T%  {or mate constant R% ) defined (10, 1) as

ace of

£ M d11° to

mmplicit and simplistic as 'Llll].)ll"‘._'l that the decay caused by
inhomogeneity is exponential (J0).] Two main scenarios
should be distinguished: (a) for yB, = R¥, the motion of M
is underdamped, ie.. a periodic nutation combined with slow
damping due to relaxation and tf inhemogeneity: (b) in the
limit of ¥B, < R% . M shows an overdamped, nonoscillatory
time evolution. [For active-volume spins experiencing good rf
homegeneity and having natural relaxation times on the order
of seconds, whether the spin response is underdamped or
overdamped typically depends on whether the B; irradiation
falls in the “high-power” or the frequency-selective “low-
power" (12) category.] When only the relaxation term in Eq.
[1] is taken into account. both cases can be accurately de-
scribed by the complex analytical solutions of the generalized
Bloch equations (13, 14). In typical cases where T, and T% are
on the order of seconds, for a hard pulse with yB] on the order
of 10° rad s ', the mild damping of M observed on the
microseconds tumescale (Fig. la) is due to a slight of inhome-
geneity rather than relaxation ABY and ABS are nmich larger
than AB7, and since the yB, () function is not known in detail.
the inhomogeneity term AB, precludes the accurate calculation
of the magnetization trajectory. particularly in the limit of
overdamping.

In line with Figs. 1-3. the above classification readily offers
a model according to which spins in the Az” and AZ® regions



SZANTAY

Evolution of Magnetization %
in a B, Field. I. The Impact B T e
of B,/ B, Inhomogeneity e A Loty
and Fast Chemical SN
Exchange in

High-Resolution NMR

CSABA SZANTAY I

M

3 =yM®B ]~ AM_ o+ AM" - M)

The term yM 8 B, represents the torque K =
dAM/dt = yM ® B, which causex the net mo-
ment vector M 1o circulste Inumcl in the 2y’

A MAGNESEZETT:

al resonance b lampeng 151 {
) vt Magh Resan |1 B0 M3 790 lur rate constant R,) defined as
KEY WORDS: hgh mmoiition NWE. B mhomogeneiny  nutaton anderrismping - 1 | | | 1
farvgang phass tendomusatos of e ¥ ) seccmd bind tanstbion buted sigtiale loch o
Mulwtions R, T, E(I- ‘T' ALTRR L (21

The time T, needed 1o (nearly) reach the steady
state condition M™ m a B, fickd requires in
practice » period > ST,

Rocuwved K Fobruary 1999, revised anil acewpted By cabcutating the vector product in Eq. [1], we

T3 Mateh 10 ohtain the familiar cquations
Comenpe ie Mogrerie Resossssne, Vil 1K) M3 0 (1000
P e W A e I GO0 ) T i e
i) d'“‘ M l“l
i T 3
o M,
M,
S B, - A, [3b)
M,
= T CYEM, e AM® =MD [X]

The steady-state sobutions corresponding to the
condition dM/dt = 0 are cosily obtamsed from

Egs. [3] o give

ME =1 [4a]
yE A M,
M- — 1 14b]
A, + (4B, )
A M,
My - — ' ]
Ay + (yB,)

A special but nstructive case of this stoady
sate condition is represeated in Fig. I R, =
AAM" = M) and R, = =2, M_ denote the re-
luxation vectors (10) which drive M, 1oward M*
and M. towand (), and are depicted here with the
proportionality constants chosen 10 be umity so
that R, = M" - M and R. = ~M_ and v8, =
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NMR and the Uncertainty
Principle: How to

and How Not to Interpret
Homogeneous Line
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a magspinek pulzus-gerjesztésének értelmezési paradigmaja
GLOBALISAN ELTERJEDT MAGYARAZAT:

cos(w,t) alaku

radi6-frekvencias PFT NMR

elektromagneses FT
pulzus

Al Heisenberg B. E.
At - Ao 2 konst.

A
' N
Wt s o
t Larmor frekvencia

rezonancia tartomany

At ismert és véges — Aw, >0
(a hullam idejének
korlatozasa a frekvenciat
bizonytalanna teszi)
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O‘)]_ széles Fourier
spektrumaban is




a magspinek pulzus-gerjesztésének értelmezési paradigmaja
GLOBALISAN ELTERJEDT MAGYARAZAT:

cos(w,t) alaku

radi6-frekvencias PFT NMR

elektromagneses
pulzus

At Heisenberg B. E.
At - Ao 2 konst.

A
' N
WWW t s it
t Larmor frekvencia

rezonancia tartomany
FT
NOMINALISAN —m————— EFFEKTIVE
MONOKROMATIKUS (o,) POLIKROMATIKUS (A, )
RF PULZUS U

ezért a Larmor frekvenciak
széles tartomanyat képes
gerjeszteni



“As the Uncertainty Principle indicates, a pulse of carrier frequency o, will
contain, in effect, a range of frequencies centred on w,. The distribution of RF
magnetic field amplitudes takes the form sin(x)/x which is the frequency-domain
equivalent of a short pulse in the time domain. The two domains are connected by
the Fourier transform ”

“Although the applied excitation may be precizely centred at a frequency o,, our
act of turning the excitation power on at time zero and off at time At effectively
broadens the spectral range of the excitation to a bandwidth of ~1/At.”

“... the RF source is monochromatic, so we have to work out a way of using a
single frequency to excite multiple frequencies. If the irradiation is applied for a
time At, then, due to the Uncertainty Principle, the nominally monochromatic
irradiation is uncertain in frequency by about 1/At.”

“...if the pulse is made shorter, we will no longer have a truly monochromatic
frequency spectrum even though the source is still monochromatic™.

“A pulse of monochromatic RF can be described in the frequency domain as a
band of frequencies. The Heisenberg principle states that there is a minimum
uncertainty in the simultaneous specification of the frequency and the duration of
the measurement. This means that, as the pulse length decreases, irradiation is
spread over a wider frequency band. The sinc Fourier spectrum of a rectangular
RF pulse shows that a shorter pulse gives a wider sinc band.”



MILYEN (PRE)KONCEPCIOK
VEZETNEK EHHEZ A MAGYARAZATHOZ?




#ﬁﬂ NMR = kvantummechanikai jelenség
U

Heisenberg B.E. alkalmazhato

Energia
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pulzus = kvantummechanikai “entitas”



Fourier transzformacio =
idobeli jel felbontasa

frekvencia komponenseire

T A

Nand:C
cos(m,t)

®

COS(oz)l’[)‘At spektruma =

COS(oz)l’[)‘At “frekvencia komponensei”
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a kvantummechanikai és klasszikus leiras

korrelacioja: a Heisenberg B.E.
a FT teruletén is érvényesul:
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97 a magyarazat
4 helyesnek tlnik
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mi ezzel a probléma?



A magneses rezonancia NEM radio hullamok
(fotonok) abszorpcioja / emisszigja!

Energia

ho




Valojaban:
(makroszkopikus) magneses rezonancia =
klasszikus, determinisztikus jelenség
(magneses terek klasszikusan leirhaté kolcsonhatasa)!

az RF hullam
magneses a minta
komponense magnesezettsége
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The Magnetic Resonance Myth
of Radio Waves

D. L. Hoult

Hiomedical Ergincering and Ir ion Branch
Division of Research Services, Building 13, Room 3W13
NG (i of Health, Bethesda, MD 20892

Received March 16, 1989

An inaccurate description of magnetic resonance is current among those
employing it in medicine and biology. The technique is purported to use radio
waves for both stimulation of the sample and for reception of the ensuing
signal. Arguments are presented which counter this myth, and using only
magnetic fields, an accurate classical description of transmission and reception
is given.

INTRODUCTION

A strange notion exists that nuclear magnctic resonance (NMR) uses radio waves for both
excitation of a sample and for the reception of signal. Where this idea originated is difficult to say, for
it cannot be found in any of the basic, Jong-established texts. H , its acceptance within, at least,
the medical imaging community is now nearly universal, and attempting to combat the weight of several
books that contain this crror is a depressing matter, for onc is often greeted with ill-masked skepuasm
Why then should one bother? On the one hand, there is the academic’s annoyance at the perpetration
of a falschood, and with i, the instilled belicf that a faulty building block can eventually cause the
learned tower to tumble. On the other hand, there is the knowledge that the NMR frequency range is
sandwiched between those of electric power lines and microwaves, bolh of which have bccn accused of
being health hazards, Guilt by falsc association with clectric ficlds thus lurks in the wings.

Part of the problem perhaps lies in trying to use elementary quantum mechanics to explain the
NMR phenomenon. The picture of two levels separated by energy hy (where h is Planck’s constant and
v, is the Larmor frequency) is appealing in its simplicity: Transmission involves the absorption of
photons which cause transitions from the low encrgy state to the high encrgy state (sce Figure 1). Of
course, photons are usually portrayed in undergraduate texts as quanta of light, which is simply
clectromagnetic radiation, but with NMR the frequency of "radiation” is much lower, so the photon must
be a radiowave! Conversely, after transmission, relaxation occurs as nuclei drop back into the lower
cnergy state. In the process, they emit photons (radio waves again), and an antenna picks up the signal
and passes it to the radio receiver that is the NMR system, The whole scenario is attractive; It appeals
to the familiar in its use of radio waves and carries authority with its invocation of quantum mechanics.
Unfortunately, it is also erroncous and misleading.

Is Quantum Mechanics

Necessary for

Understanding Magnetic

Resonance?

LARS G, HAMNSON

Dawisk Resaarck Contre for Magwetls Resorawnce, Coperbager Unersity Hogpial, Huidovre, Diwmrr

ABSTRACT: Educational materal introducing magnefic resonance MR typlcally con-
tains sections on the underdying prindples Unforfunately the saplanations ghen are
often unnecessarly complicated or even wrong. MR is often presented @ a phenomenan
that necessitates a quantum mechanical explanation whersas it really & a classical efect,
ie aconsequence of the common sense expresied in cassdeal mechanics. This insight is
not new, but there have been few sttempis to challengs common misleading explana-
tions, 2o authors and educators are inadvedently beeping myths alive. As a result, new
students” first encounters with MR are often obsoured by sxplanations that make the sub-
ject difficalt to understand. Typical problems as addressed and altemative intultive

explanations are provided. @ 2008 Wilsy Pedodicals, Ine.  Concep®s Magn Resan Fart A 324

FTF=340, TO08

KEY WORDS: magnetic resonance imaging: sdusation: quantum mechanies. cdlassieal

mechanics; tutordal; spin: myths

INTRODUCTION

Since the beginning of the mwentieth century it has
been known that clasical physics = expressed in
Newton's and Maxwell's equations do not form a
compleie description of known physical phenomena.
If, for example, clmsical mechanics described the

Received 5 April 2008; revised 200 July 2008;
accepied 21 July 2008
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interactions between electrons and muclel, sioms
wiptld not exist as they would collapse in fractions of
& second becsuse orbiting elecirons radiate energy
and hence looe speed according to classical mechan-
ica. The phenomena not explicsble by clasical
mechanics inspired the formulation of the fundamen-
13l laws of quamum mechanics (QM). They have
been tested very extensively for almost 2 century and
no coniradictions between experiments and the pre-
dictions of QM e known.

The QM theory is probabilistic in natere, ie, it
only provides the probabilities for specific olerva
tions w0 be made. This is not 2 surprising aspect of a
physical law a5 & system cannol generally be pre-
paned in & swte precisely enough 1o ensune a specific
futune ouicome (the uncemainty of the initial condi-



Mi koze van tehat mindehhez Heisenbergnek?

At-Aw > konst.

kvantummechanikai + valészinlségi allitas!

XA

RF pulzus = oszcillal6 magneses tér
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®, az ido-dimenzioban pontosan definialt
a frekvencia dimenzioban pedig NEM?

MI\LISAN” monokromatikus =

“EFFEKTIVE” polikromatikus???
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and

49),= /Q,(Tf.|'~a"7'i;-.ly [11-30]

with [11-29] and [11- 30] now being fonnally symmet
ric. Retuming to Eqe [11-26b] sad [11-27b], it must
therefare be underood that their asymmory does
not affect the principhe truth that the FT s one-o-

one: the fundamental Eml is lhnL(f)L can b recov-
erod exactly from E,{d\‘.’, but the facsor 1/(2n) must
be tken into accows. I & in this implied sense of
coaurng the symmelry botwoen e operations ﬂ
and F_:T_lhd e mud nierpeet the meaning of he

t)'mh)lﬁm [147), which reflects the invertible na
ture of e FT. With thic undenstanding, the Rourier
inversion theorom can formally be writion ax

EL JEL) foa], = L), (11318)

Temporal:

A LENYEG

ﬂE)LG"I_"E‘;"L (1-311)

o It it important © remember that e fanction
vakie 3t a given froquency of s FT'spectram has the
following meaning E‘."'{nb*, is asocisted with 2
complex cosine wave Gy -ta[w.l*r' E"[m.)!w is
associated with 2 complex aine wave E’. -un[myk;
E}l’b‘ Is mssociated with a complex-amplitide

g -
phasor g ~f""n; "F,{w\‘i i asociated with 2
‘W

real-amplitude phasor Rog -r‘““:; "f‘,(w.ll is
aswociated with a pure imaginary-smplitde pﬁm

o= 0
i T5g e *17.

« In analogy © our discusion of FA in section 112,
further insight may be pained ko #e FT by noting
s hat e righthand dde of Eq. [11-265) represents
an nfinie colkction of cxenml *priacipk plewons” oo
the phasor frequency seale. Thas, i malogy to [1-71)-
[1-76) and [[18}-{11-10], we can formulste the follow-
Ing schemo:
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W. Heisenberg, 1960
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Heisenbergnek
SEMMI koze

az UGYHOZ!



Két fajta Bizonytalansagi Elv léetezik!

IDO-FREKVENCIA
ANALIZIS

. VALOJABAN .
Helsenberg E77El VAN Fourier
B. E.: DOLGUNK! '
At -A® = konst. ‘ At -A® > konst.

determinisztiku
allitas

valoészinlisegi
allitas

A név a formalis alaki hasonlésagbol ered!

Formalis (matematikai) hasonlosag,
de kulonbozo fizikai jelentés!



A Fourier “Bizonytalansagi” Elv allitasa:
f(t) “keskeny” - F(w) “széles”
f(t) “széles” - F(w) “keskeny”

(SEMMI “BIZONYTALANSAG™!)

T



Mindkét dimenzidhoz azonos fizikal
értelmezést kell rendelnunk!

A
“KONJUGALT FIZIKAI EKVIVALENCIA*
T@R\WENYE transzformalt

dimenzio

nativ dimenzio

F(w)= T f(t)e " dt

i(t) (1) Zln]iﬁ(co)ei@tdo) E((D)

<€




..mit “csinal” a Fourier transzformacio...

...mi a “spektrum” jelentése...?

E(w) = [ 10 {e™)-at




.
\ g

A FT lényege:

. A .qiot
f(t) dekompoziciéja A - " alaku, %?eimt

végtelen idejii BAZIS ELEMEK _ei t E((,))
végtelen frekvenciatartomanyu .ei t
sorava .ei t
.ei t
A.ei(Dt
f(t) = 2—1n : T F)- e do _Aefm

g

Bazis elem = matematikal absztrakcio,
aminek NINCS inherens fizikai jelentése!
A fizikai jelentést Ml (emberek) rendeljuk

hozza, nem pedig belole fakad!



gorbe (!), kulonbozo
“aspektusokkal” FT>
|

Ao i

Az informacio csomag van atkodolva!

A “spektrum” a kodok osszessege!
(a fizikai értelmezést Ml adjuk, az NEM a “kédok” sajatja!)



oo~

g

S'Loch EQuarion e 1 IS i Iy NN ?
= / ji:f%w \‘“JLOCH €0 ~ awreu | ‘iQ‘lﬂ,ﬂ z o::‘ LA

\,L" PN " 14
- '*TW-&D_%M [’A.Qkannr ( M Tn

_:a;xb -D‘J (m\;1

nﬁf&w h{p[ec@ M & N}\\ —gﬁﬂc’(€%a¥l«iﬁmiku¥d¥\m} o \h <= 'a'-: :rL a, allo = J‘biﬂmh *a,b,
d g:;is”m s B + \ e .; e ‘-’Na’lwlul / ‘r“)_»i \‘ 3 :‘) l’ &;Qar)
Mﬂwi_"j .-ﬁﬂ = " - Mx (3% M d M M e U o ’{:I ‘.‘.“‘8_'.‘ & LAY l“" bl con®
) a Maxqg - et - —ﬁ( ) z: i, [opadd) ST E
- vedion c:=ax o _u,,
e M a ue& R B (= coss ?mﬁxd} '.‘ l SRty dh o, a.by-0 3-]
\ {we< 'mr
..Az RF* uhnﬁi;ﬁzele fére ncia--
c:rawrdw wm, & LI (v, mhaﬁww wlw.{ 4 sjmng, *1"“3_“_*:) Tud Frews

w[o a Fb\qw_ g}Mﬁ 'Ff\ .

savdand g, ”“*’fhg_(t sq
> O
y
' &

r~,

C

ro’f;‘hm W‘»uf X- 4K

' B ’-v"r ~ -
agyaraz: t- cc % o)
._."'----ig -8 & o|ln

( .
ﬂ»"“‘“‘\‘q ECA=l) Gt [y
Casp , \ G poudsd . %?‘ s O ~ M)
rﬁdﬁvj X8 Moo v‘\ o hé";{:-. ( plecssio JL
(Arshuguisy . x - .
g *M.‘) L4 Rasally I
e' ) . er r alll I||l‘ I =2 frecesion drped 2
—_ [ﬂ %&\F&Q m‘{ \Ffzw “ a p des Wit ‘auv O NY
al TreiR (€ amﬁmns y Mm . | n, “J = |-gm Wt sut o l a “‘:‘)ﬁ.
, AM U M: ?‘E‘m% M M ' | o o \ 3 P ",
at+ -7- \ e4 ‘j"" L L J I.“'j
m‘HW ] atle dusggn = — — - .
M | " Telndwy Calexdion —
M Ky = Ll TR xM’IE{M‘ = o
E M r"“ oM, "o“'
~ dM - g e o ([ M| #| &
y?ﬁsdu‘tn\ e ezﬁ«mfwrs abeve s ’nL_EﬂM ez s o egs dt Lo o - ] ,\\: [p.'ml
it Same fegrovh t/‘r Refrows aftec gv‘_%F‘*:‘h'g M (1) = (3%, Mo L s J
R o B .4
yr:.&_ g - 2l £ —> - -l e 5 n hd a i
« /T) M*n@ : M*u (Oﬂe“/ﬁ ) R Mey: (o ™ o | Rrasne J °o
JL¢ ik ) | U B g o o c'm l‘v..,(l e

Ma(m fines €74 P =

linearis hatareset: pulzus FT spektruma ~
~ NMR gerjesztési profil (Szuperpozicié Elv)




A MEGOLDAS

-




s
///

~ antrépikusan drnyalt
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# ﬂ A tudomany alapj szolut igazsag.
A tudomany célja a vi Ik fuggetlenul létezo
objektiv igazsagainak a feltarasa.

Az “igazsag” nem létezhet az emberi értelemtol
fuggetlenul: a vilagrél nem, csak a vilag altalunk
alkotott LEIRASAROL allithatjuk, hogy igaz, vagy
hamis. Tudomanyos igazsag alatt valéjaban nem

“abszolut igazsagot” kell ertenunk, hanem a
vilagnak egy olyan leirasat, amely a
megerositésére és cafolatara tett kisérletek egész

sorat kiallta, ezért helyesnek tekintheto.
(Richard Rorty, John Webb)
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KOSZONOM A FIGYELMET

Honnan tudna az ember, hogy melyik a sajat utja, ha csak jart utakon jar?
— Reinhold Messner



