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Fig. 1. Arrangement for obtaining spin echoes.

T HE STUDY of nuclear magnetic resonance or nu-
clear induction, a recent fidd of research for which
F. Bloch t and E. M. Purcell 2 have been awarded the
Nobel Prize, has been carried out by a variety of tech-

niques. The usud approach has been to observe the
nuclear resonance of an ensemble of nucleer moments
in a lage datic magnetic fidd as a function of a
dow change in this fidd. Meanwhile, a smdl radio-fre-
quency fied is goplied continuoudy to the nuclear
sample in a direction perpendicular to the large field.

An dterngive method to this steedy state or Ddow
passage’ technique is one by which the radio-frequency
energy is goplied to the sample in the form of. short,

intense pulses, and nucler signas are observed after
the pulses are removed. The effects which result can be
compared to the free vibration or “ringing” of a bell,
a term often applied to the free harmonic oscillations

of a shocked inductive-cgpecitive (LC) circuit. The
circuit is first supplied with dectricd energy from some
source, and the supply of energy is suddenly removed.
The LC dircuit then remains for a time in the “excited
sae’, and the energy is gradudly dissipated into hedt,
mogly in the circuit ressance. Smilaly the aom or
nucleus in the excited state can store energy for a time

before it is completely dissipated, and in the case dis-

cussed here, the free oscillation or precesson of an en-

semble of nucdlear spins in a large datic field provides
the ringing process.

It appears that the topic of free nuclear precession or
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Unusually clear measurements of
the time precession of nuclear

magnetic moments and other

properties of nuclei have become
possible with the development of
the free induction “spin echo”
technique in the still new science

of nuclear magnetic resonance.

Vspin echoes’, as it will be caled here, can be dassified
under one of the following two approaches to the study
of excited states (&) A study can be made of the ab-
sorption or emisson of radiation by a sysem. The sys
tem gains or loses radiation (or particles), and the ex-
periment involves a meesurement of the energy and
intengty of radiation. (b) The behavior of some sys
tems can be studied, not by observing directly whether
they gain or lose radiation, but by detecting their mode
of motion under the influence of gpplied static eectric
and magnetic fidds While observing such moation it is
posshle to infer whether or not the system has gained
or log radidtion in the past.

It is well known tha the latter gpproach is involved
in the Rabi molecular beam technique @ in which mole-
cules and atoms are deflected in space. Also, this ap-
proach applies to the free nuclear precesson or induc-
tion effect. The viewpoint of the experiment has been
particularly emphasized by Blech,! and is very much
like the scheme for detecting the ringing of a tuned
LC circuit. A pickup loop can be coupled to the mag-
netic flux about the inductance and a voltage of induc-
tion is measured. In the actud experiment the magnetic
induction is provided by the precesson of an ensemble
of nudear moments in a datic magnetic fidd after the
moments are “shocked” into a coherent state of preces
sion by one or more pulses of radio-frequency magnetic
fidd. One might dassfy this messurement under (9
above, and deduce that here the ringing of the system
is measured by detecting the stored magnetic energy
which the system disspates. Certainly some radio-fre-
quency (rf) energy is consumed by the loop which
couples to the ringing LC circuit, but this can be made
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Fig. 2a. As seen in the laboratory
frame of reference the classical
magnetic moment precesses toward
thexy planein a spiral motion due
the torque effect of the rf field H,
at nuclear resonance. In the_frame
of reference rotating with Hj the
magnetic moment appears to pre-
cess in aplane perpendicular to Hy.
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negligibly smal by usng a loop of high-circuit imped-
ance. In the free precesson experiment, a sample of
nucde is placed in a pickup loop comprisng the in-
ductance of an LC circuit tuned to the Larmor preces-
son frequency. A low voltage of induction (about a
millivolt a most due to protons) is produced across
the inductive cail by the nuclear spins, and the current
which flows in the coil produces a wesk rf magnetic
fidd throughout the volume of the sample This fidd
does react upon the nuclear spins, but causes only a
negligibly smdl rate of induced emisson. The ringing
oxdillator, in this case the nucdear moments, is again
very weekly loaded by the pickup coil.

If any cdear digtinction can be made between the
terms “nuclear magnetic resonance absorption”  and
“nuclear induction”, it can be made in the free preces-
son experiment. Nuclear resonance absorption belongs
under heading (8) above. Radio-frequency energy in
the form of pulses, adbsorbed by the nuclear moments,
prepares the moments for the ringing process which is
obsarved only by nuclear induction under heading (b).

A quditdive description of the experiment involves
many of the badc features of nuclear resonance tech-
nigues. A large consant magnetic fidd H, must be
available in which polarizetion and precesson of the
nuclear spins take place. In practice this fied is never
perfectly homogeneous for dl of the nuclei throughout
the volume of the sample Ingead the fidd varies
throughout space in a manner which is determined by
the inhomogenety of the magnet or dso by locd mag-
netic fidds in the lattice of the sample. In liquids and
gases, however, except for certain specid but small
molecular effects, any locd magnetic fidd in the latice
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Fig. 2b. Following the orientation
of the total magnetic moment into
the xy plane by a 90° pulsethe

spectrum of moment vectors pro-
vides a free nuclear induction sig-
nal. The precessional motion rela-
tive to themoving and fixed frames
of reference is indicated.
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which a given nucler moment. sees as a result of
its neighbors will average completdy to zero over a
Larmor period. This happens because the tumbling and
trandaiona frequencies common to liquid molecules at
norma temperatures, for example, are extremdy large
compared to the Larmor frequency of precession
(grester by a factor of 104 to 10%), During one Larmor
period of precession the field caused by a neighboring
dipole does not reman & a given vadue long enough to
influence the rate of precesson determined by the ex-
terndly applied fidd H,. It becomes possble, therefore,
to ascribe to each volume eement of the liquid an iso-

chromatic or dasscd maegnetic moment, which is due
to the preponderance of nuclear moments pointing in
the direction of the externd field. This fiedd can be
assigned as homogeneous over the volume dement. The
entire liquid sample provides a digribution of meg-
netic moments according to how much volume of spin
sample is assigned to each vaue of H, as it vaies in
space. Such a spectrum may be described by some sym-

metric digribution, where the maximum number of nu-
clear moments may be subject to a field of 7000 gauss,
for example, and fewer moments see vaues of H,
smdler or grester than this average vaue.

At thermd equilibrium the net magnetic moment M,

which is digned with the field can be compared to the
“degping” mechanicd top tha soins with its axis adong
the direction of the gravitationd fidd. If the top is

perturbed by applying torque perpendicular to its spin

Fi% 3. Vector shemcatic of the
echoformation.

Fir. 4. Oscillographic display of
the spin echo%upt pr%r%or%/sm

gl ycerine. The rf pulse widths are
arrowcompared otheduration of
the signals.

axis, it will precess in a certtan direction a a given
frequency for any angle @ which exists between the spin
axis and the direction of the gravitationd fied, The nu-
clear magnetic top has a torque exerted upon it by the
magnetic fiedd H, in place of gravity, and when it is
tipped away from the H, or g axis direction by rota-
ing f magnetic fidds in the 2y plane it consequently
precesses about the gz axis a the Larmor frequency
given by we =yHy after the #y perturbing fidd is re-
moved. The constant y is the gyromagnetic retio de-
fined by y = u/Ih, where p is the magnetic moment
and Ik is the nudear spm angular momentum. The
time tha the induction sgnd due to a classcdly pre-
cessing 1170 vector can persg is dso the time for which
condtituent nuclear spins precess in phase before damp-
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ing effects due to the lattice become appreciable. This
coherence time is given by T,, often referred to as the
“transverse relaxetion time’. Ancther relaxation time of
importance, which determines in part the vaue of Ty,
is the longitudind or thermd relaxation time 74, the
time in which a precessing spin remans in the mag-
neticaly excited date regardless of its phase. In liquids
both of these relaxation times may vary from fractions
of milliseconds to severa seconds.

After a few preiminary definitions, we shdl impose
specid experimental conditions for purposes of clearly
explaining the echo nuclear induction effect. An induc-
tive driving coil which surrounds the nudeer sample is
tuned to the Larmor frequency w = wy’ Where oy’ is
the average angular Larmor frequency of a sample of
nuclear moments. rf pulses applied to the tuned LC
dircuit each last for ¢, seconds during which time ap-
proximatey wg?,, Lamor oscillations teke place. The
effective rf magnetic field is referred to as the H; Gauss
vector which precesses in the direction that My pre-
cesses, and is the vector which remains essentidly per-
pendicular to the plane defined by My and Hy (see
Fig. 2). In a coordinate system which rotates with fre-
quency wy’/ 2 about the z axis, the M, vector will then
appear to precess about H, through angle 6 = yHqt,,
from the time &, is turned on. This H, fidd is one of
two circularly polarized field components which sum to
provide the dternating megnetic fiedld 2H; dong the
axis of the inductive coil. The other H, fidd com
ponent, rotating in the opposte direction, can be ig-
nored because its torque acting upon M, is dtemnately
positive and negetive, and averages, to zero for al prac-
ticd purposss. We shal assume that Ay is turned on
infinitdly fest, and tha it shdl be removed dfter i,

L 4

Fig. 5. Scheme for measurement
of Tq. The sequence from A
through D is the same as in
Fig. 3. At the time a pulse is
aﬁplled a time E afraction of
the total nuclear magnetjsm has
returned to thermal equilibrium x

along the z axis. Following this

pulsé at F a free induction sig-

na results which is propor- "
tional to this magnetism.
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seconds infinitdy fast. During the time ¢,,, dl isochro-
matic moments, initially aligned along H,, will be
turned away from the z axis toward the xy plane. The
driving radiofrequency pulses may be trangmitted by
the same coil used for receiving sgnds, or two sepa
rate coils perpendicular to each other may be used, one
for transmitting and one for recdving. If H, rotates in
the xy plane a a frequency o, dl those isochromatic
moments which are tuned to Larmor frequency g,
different from o, will, strictly spesking, not precess ex-
adtly in a plane perpendicular to the direction of Hj.
However, H, is chosen to be sufficiently intense so that
most of the isochromatic moments are rotated toward
the xy plane in a time short compared to the time in
which they would get out of phese with #, (i.e. they
would scarcdy deviate from the plane defined by M,

. and H,, perpendicular to f,). Therefore dl the isochro-

matic moments are substantialy in phase & the time
t, When they have reached the xy plane. At this time
t, thefidd H, is suddenly removed. A nuclear induc-
tion sgnd in the recaver or pickup coil will persst
after the fidd H,y is removed, but will findly die out
because each isochromatic moment is now free to pre-
cess a its natural frequency. Since these frequencies
differ for eech isochromaic moment, the moments
will, after a time get out of phase and ther in-
ductive effects will interfere or cancd among them-
sdves* The time required for this loss of a net ob-
sarved induced output sgnd is usudly determined by
the inhomogenety of the magnet. After such a time
the isochromatic moment vectors are uniformly dis-
tributed about the z axis but the origind magnitudes
of these isochromatic moments are preserved if it is as-
sumed that there are no relaxation effects. Although
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these isochromatic moment vectors do not provide a
resultant moment, they do have definite phase relations
among themsdlves, and each vector occupies a postion
which has been determined by its past higory. If & a
time ¢ after cessation of the first pulse, a second pulse
is trangmitted to the driving coil, this past higory is
manifesed in what is cdled the “spin echo’.

The echo effect ¥ can be explained from a very smple
andogy. Let a team of runners with different but con-
dant running speeds dat off a a time § = 0 as they
would do a a track meet (see the cover of this issue).
At some time T these runners will be distributed
around the race track in gpparently random postions.
The referee fires his gun & atime ¢ = > T, and by
previous arangement the racers quickly turn about-
face and run in the opposte direction with their origi-
nad speeds Obvioudy, & a time ¢ = 24, the runners
will return together precisdy a the dating line This
will happen once and only once, just as it will be shown
in the case of two rf pulses and the echo. From this,
andogy, one can see that if even more than two pulses
are applied to the ensemble, a pattern of echoes or
condructive interference events will occur which will
uniquely be related to the pulses which were gpplied in
the past. For example, if the referee again fired his gun
for a third time after the racers came together a the
darting point and fanned out again around the track,
and the runners again repeated the about-face pro-
cedure, they would again come back to the gtarting line.

For the purpose of smplifying the description of the
actud echo formation, as shown in Fig. 3, the second
pulse is made either of the same intensity and twice as
long as the first pulse or twice as intense with the same
duration as the firsd pulse. From the time H, appears
agan in the zy plane, each isochromatic moment vector
precesses in a cone whose axis is the direction. of H,.
At the ingtant the second pulse is removed, al vectors
will have been rotated from whatever xy plane quad-
rants they happened to have been in (at the onsat of
the second pulse) on one side of H, to a mirror image

position on the opposite side of H,. The second pulse,
0 to spesk, has flipped the “pancake’ of isotropicaly
digtributed moments by 180". When this flip has oc-
curred it can be seen that if we refer to the centrd
average isochromatic moment, each isochromatic mo-
ment which lay ahead of this average moment by a
given angle before the second pulse now lies behind it
by the same angle. Furthermore, each isochromatic mo-
ment which lay behind the average isochrometic mo-
ment by a given angle will lie ahead by the same angle
Now if these isochromatic moments continue to pre-
cess as before, those behind the reference vector or
average isochromatic moment will be catching up and
those ahead will be fdling back. Hence, a time r be-
yond the second pulse, dl the moment vectors will be
back in phase and the echo of the first pulse will occur
a time 27 where ¢ is the time between the first pulse
and the second or reversing pulse. This can be seen by
tracing the history of a par of vectors from the figure.

At the onset of the firgt pulsg, the moments M, lie on
the z axis a thermd equilibrium & A. Following a ro-
tation of 90°, completed a B by the firg pulse the
isochromatic moments spread out as shown in B'. Dur-
ing this time, an induction sgnd forms as a “tal” fol-
lowing the firg pulse. At C and C the tal is absent
because the isochromatic moments are evenly dis
tributed in the xy plane. Follow, for example, the pre-
cessona motion of isochromatic moment vectors ¥V
and V' shown a C'. Here they happen to be oriented
in pogtions indicated a the onset of the second pulse,
which now rotates them and the whole array in the zy
plane by 180°, as shown a D. After the pulse is re-
moved a D, the vectors V and V' will proceed to pre-
cess through angles in the xy plane again in a time ¢
as they did after the firgt pulse They obvioudy must
coincide a the time of the echo a E. This agument
holds for every par of vectors in the ensemble for the
specia case given here. The spin echo has a shape
which grows and dies out symmetricdly in the time it
takes for the isochromatic moments to get in phase
and then out of phase.

It should be noted a this point that athough it has
been assumed for the sake of dmplicity tha the firgt
pulse rotates al the vectors by 90°, and the second
pulse rotates them by 180°, these rotations happen to
be the ones which give the maximum available echo.
Useful results may dso be obtained by use of other
arbitrary combinations of ¢, and H, gving different
angles of rotation. For example, the second pulse may
be of equa length and equd intengity as the first pulse,
in which case the array is rotated %0° reather than 180°
as described above.

Ussful information about the local magnetic fidds due
to chemicd environment about the precessng nucleus
can be obtained in certain cases from measurements of
shapes and amplitudes of free induction echo dgnas.
Steedy dete resonance techniques of course can pro-
vide the same information, which in some cases is more
direct, paticularly when a number of closdy spaced
trandtions between dationary dSates of nuclear Zee-
man levels are indicated directly by resonance lines.®
The equivdent of such smdl differences in energies of
cosdy spaced Zeeman levels is manifested in the echo
method by interference beats 7 between the various
components of precessng magnetic moments which pre-
cess at different Larmor frequencies in the same sample
of spins subjected to a given externd H,. If the maxi-
mum echo dgnd amplitude is meesured for incressing
vaues of +, where for each setting of 7 the ensemble is
initidly a therma eguilibrium, a plot of the echo dg-
nd amplitude as a function of ¢ digplays predominantly
a monotonic decay. In many cases the decay is exponen-
tid and serves as a direct measure of the nuclear pin
relaxation parameter Ty, but the decay may aso be de-
termined in part by other factors. There are other spe-
cid ways of dudying echo signd plots which do not
require that the ensemble be a equilibrium for just a
par of pulses where the nature of the information ob-
tained is essentidly the same.
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The decay of the echo may be understood in terms of
the race track andogy if it is assumed now that the
runners become fatigued &fter the dtart of the race.
For this reason they may change ther speeds errati-
caly or even drop out of the race completely. Conse-
quently, following the second gun shot (the second
pulse) some of the racers may return together a the
dating line but not dl of them. In the nudear spin
system a smilar Stuation prevals ether (1) the nu-
cear spins return to therma equilibrium or (2) they
lose phase memory of Larmor precesson. The effect
(1) occurs when the magnetic energy of precesson
contained by the moment is transferred to a molecule
completdy in the form of kinetic energy. The time in
which this effect occurs is cdled Ty, the spin-lattice
theemd reaxation time. The effect (2) aises when
magnetic energy is trandferred from spin to spin. One
must aso add to this the effect due to fluctuating locd
megnetic fidds caused by neighboring moments and
paramagnetic substances. The over-al time which re-
lates to processes in the lattice which shorten the phase
memory of precesson has been denoted by T,, which
includes the effect of T, as well.

Ancther influence which destroys the phase memory
of precession is that due to the sdf diffuson of mole-
cules which contain resonant nucle. Since there is an
established gradient of the magnetic fidd over the vol-
ume of the sample, a molecule whose nuclear moment
hes been flipped initidly in a fidd H, may, in the
course of time 27, drift by Brownian motion into a
randomly differing fidd Hy. Therefore, as + is in
creased, a lesser number of moments participate in the
generation of inphase nuclear radio-frequency signds.
The theory of the diffuson effect can be incorporated
into the nuclear equtions, and a ussful expression is
obtained by which the sdf-diffuson coefficent of mole-
cules can be measured from the plotted envelope curve
and known parameters.

It is possble to messure the thermd relaxetion time

Fig. 6. Multiple exposures of
single proton echoes. The first
rf pulse occurs at the beginnin
of the trace and the secon
pulse is spaced from the origin
at equa Intervals for each ex-
posure with the sample at ther-
mal equilibrium. The echo en-
velope provides a measure of
the phase coherence parameter
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Ty, independently of dl other effects, by messuring
signas proportiond to the excess population of mo-
ments in the z direction & any time, as shown in Fig.
5. This can be done by measuring the amplitude a some
abitrary point on the free induction tal following the
second radio-frequency pulse. This is compared to the
amplitude a the corresponding point on the free in-
duction tal on the induced sgnd folowing the first
pulse, which is the amplitude proportiond to the maxi-
mum avaladle moment M, It can be shown that if

= #/2 for both pulses, then the tal sgnd fol-
Y |ng the second pulse is proportiond to the num-

of gyromagnetic moments which have been ther-
mdly rdaxed during the time -, There are dternate
methods of messuring T, for indtance, from the ob-
servetion of echoes obtaned from an application of
more than two radio-frequency pulses.

Recently a very interesing phenomenon of a ringing
system in the case of an ensemble of molecular eectric
dipole moments has been demondrated by R. H. Dicke
a Princeton. The principle is very much like the case
for puked nuclear induction except that a coherent
dectric fidd due to molecular rotetion induces a Sg-
nd in a micowave cavity following a srong micro-
wave pulse a resonance. One aim of Dicke's method is
to obtain higher resolution in spite of Doppler broad-
ening. Smilaly the pulsed echo method permits high
reolution where long relaxation times (the eguivaent
of narrow naturd line widths) can be measured in spite
of atifidd line broadening due to an inhomogeneous
megnetic fidd.
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