Atomic Memory

Atomic systems that have decayed From some ordered states can be

induced to recover their initial order. The degree to which order

Is restored allows in vestiga tion of interactions difficult to observe

by Richard G. Brewer and Erwin L. Hahn

n 1872 Ludwig Boltzmann, a founder
I of modern thermodynamics, gave a

lecture in which he sad that the en
tropy, or disorder, of isolated systems
increases irreversibly as time passes. On
hearing this the physicist Joseph Lo-
schmidt rose in protest. He argued that
the laws governing the motions of dl
paticles are symmetric with respect to
time. Thus any system that had decayed
from order to chaos could be made or-
dely once agan smply by reversing the
momentum of eech patice without &f-
fecting the totd kingtic energy of the
sysem. In defiance Boltzmann pointed
his finger a Loschmidt and sad, “You
reverse the momenta”

This stholaly conflict illustrates  the
paradoxicd nature of the second law of
thermodynamics, which daes tha sys
tems tend toward maximum entropy.
Yet Loschmidt's argument remans co-
gent. If one were ale to film the motions
of any smdl group of partices and show
the film to a phydcig, he or she would
have no way of telling in principle
whether the projector was running for-
ward or backward. Consequently, ac-
cording to Loschmidt’s critician (which
has come to be cdled the Loschmidt
paradox), any law that governs the be-
havior of large collections of particles
should be symmetric with respect to
time. While the meaning and implica
tions of the second law are dill active
topics of research and disagreement [see
“The Arrow of Time” by David Lay-
zer; SCIENTIFICAMERICAN, December,
1975], there now exit severa methods
by which Loschmidt's time reversd can
be redized. In other words, a system of
particles that has apparently decayed
from a highly ordered state can be re-
turned to that dtate by reversng the mo-
tions (or some other degree of freedom)
of its condituent particles. In effect an
assembly of aoms is ale to exhibit a
kind of memory of its earlier condition.

If a sysdem is to display this kind of
aomic memory, it must be prepared s0
that it has some kind of order, often hid-
den, in its agpparently disordered sate.
In the aomic sysems we shdl discuss,

this hidden order is provided by expos
ing samples (which may be solid, liquid
or gaseous) to coherent eectromagnetic
radiation of various types, incuding ra
dio waves, microwaves and laser beams.
Sound waves can dso play this role The
reemergence of an ordered dae in such
systems becomes evident when the sam-
ple emits its own coherent electromag-
netic pulse, an echo of the earlier radia
tion. Apat from their inherent interest,
these echo pulses and rdaed forms of
coherent emisson provide nove ways
to study the fundamental behavior of
alomic  interactions.

The concept of hidden order can be
demondrated by an andogy. Imag-
ine a group of runners poised at the
darting line of a crcular recetrack [see
illustration on page52]. The Sarter fires
a gun, the race begins and the runners
soread out dong the course, each run-
ning a a different fixed speed. Once they
have circled the track several times,
some runners will have lapped others
and there will be no obvious visible
corrdation between the runners rea
tive positions and their various speeds.
Someone who had not seen the sart of
the race might assume that there was no
paticular order in the dispostion of the
runners, that they represented a disor-
dered system.

Now suppose the runners have con-
trived to turn around and retrace ther
paths a some prearranged sgnal (per-
haps a second firing of the darter’s gun)
tha is given t minutes into the race. If
dl the runners mantan their speeds d-
beit in the opposte direction, they will
come together and cross the darting line
in unison exacly 2t minutes &fter the
beginning of the race. They will have re-
covered ther initid order. (This order
will, of course, disgppear once agan af-
ter the runners cross the line)

The even smpler cae of dl runners
traveling together at the same radial
speed is not to be ignored either. Here
the initid order is presarved and there
is no need to reverse the runners di-
rection. This example has an dectro-

megnetic andlogue, cdled the “free in
duction decay” effect, that has found
wide use in both radio- and optical-fre-
quency regions.

A more concrete example of a memo
ry effect can actudly be demonsrated
by mechanicd means. A viscous fluid is
placed in the ring-shaped space between
two concentric plagtic cylinders. Where
as the outer cylinder is ddtionary, the
inner one is free to rotate about its axis
A sresk of colored dye, representing an
initid dignment of partides, is injected
into the fluid. When the inner cylinder is
turned, the dye disperses throughout
the liquid. If one were to show the vol-
ume between the cylinders to a ther-
modynamicist, he or she would say
that the dye is completely disordered
(that the entropy is at a maximum)
and that the mixing process is complete
and irreversble. Actudly the liquid is
in a date of hidden order (or constant
entropy): reversa of the rotation of the
inner cylinder reverses the mixing proc-
ess; dfter an equd number of reverse
rotations the dye stresk reappears.

In 1950 one of us (Hahn), then a
the Universty of lllinois discovered a
memory effect tha is smilar in principle
to the cases of the runners and the dye
but that operates on the aomic scale.
A sample of glycerin was placed ina
magnetic field and exposed to two
short bursts of dectromagnetic radio-
frequency (rf) radiation, separated by an
intervel t of a few hundredths of a sec-
ond. The sample retaned a memory of
the pulse sequence, and a time 2t sec-
onds &fter the firg rf pulse the sample
itsdf emitted a third pulse, an echo. This
phenomenon is known as the nuclear-
spin echo.

The nuclear-spin echo is a conse-
quence of the gyromagnetic properties
of aomic nude, such as the proton that
conditutes the nucleus of most hydro-
gen atoms. Because the proton spins and
is dectricdly charged, it has a magnetic
moment, which is dmilar in some ways
to the angular momentum of a gyro-
scope. The spin axis of a proton that is
out of dignment with a congant mag-




netic fidd, like the axis of a tilted gyro-
scope in a congant gravitetiond field,
precesses. it traces a circle about a line
parald to the force field [seeillustration
on page54.] The precesson frequency,
the rate a which the proton’s axis goes
around its circle, depends in part on the
length of the externd magnetic fidd.

This tendency of the proton's spin axis
to precess about an applied constant

HIDDEN ORDER is demonstrated by a device consisting of two
clear plastic cylinders that share a common axis. The volume between
the cylinders is filled with a clear, viscous fluid. A streak of dye, con-
sisting of an initial orderly alignment of particles, is injected into the

field is the bess of the spin-echo effect.

In a spin-echo experiment the con-
sant components of the spin axes of
the protons in the sample are initidly
digned padld to a congant externd
megnetic field. Since they ae exactly
pardld to the fidd, they do not precess
(as a pefectly verticd gyroscope would
not precess). The first radio-frequen-
¢y pulse is then gpplied. This rf pulse

contains a circulaly polarized compo-
nent-a small rotating magnetic field-
that rotates a the rate a which the pro-
tons spin axes would precess if they
were out of dignment with the congtant
fied and if it were the only fidd present.

The rf pulse causes the ensemble of
protons to execute a complicaed mo-
tion, best described as a combination of
two less complex precessona motions

fluid (1). While the outer cylinder is held still, the inner one is turned
(2) until the dye appears to be completely mixed with the fluid (3). Ap-
parently the initial alignment has been lost, but when the inner cylin-
der is reversed (4, 5), the particles realign and the streak reappears (6).




[see illustration on page 55]. The smpler
of these two motions is a precession
about the static external field: the rf
pulse tilts the spin axes out of aignment
with the constant field (although they
remain essentially in aignment with
eech other during the short pulse time)

ELECTROMAGNETIC ECHO PHENOMENA find an analogy in
the patterns formed by runners on a track. At the start (1) they are in
a highly ordered state: in line. When the starter fires his gun and the
race begins, they spread out (2) until the relation of one to another

and they begin to precess about the stat-
ic fidd lines a ther normd rate of pre-
cession. Since the magnetic field con-
taned in the pulse dso rotates a this
rate, the angle between the rotating rf
fidld and any proton spin axis remans
constant as the proton spins precess.

appears disordered (3). (The relation seems most disordered if some
runners have lapped others.) The starter fires his gun again (4), and -
the runners reverse direction, so that the former leaders are now at
the rear. In 6 they have caught up and the original order is restored.

From the vantage of the protons the
pulse fiddld seems congtant in direction
Consequently the proton spins precess
about both the pulse fidd and thecon-
stant field. The combination of these
two precessions is a downward spira
traced by the spin axis of each proton
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The angle through which the protons
tip is determined by the srength and du-
ration of the rf pulse in a typicd spin-
echo experiment this fird pulse might
be timed 0 that it tilts the proton spins
exactly 90 degrees from the verticd: in
other words. they come to lie on the
plane that is perpendicular to their orig-
ind  orientation.

If the congant magnetic fidd is left
on, the proton spins will precess in uni-
son in this new plane: in a sense they will
resemble one giant Spinning  magnet.
Like such a spinning megnet. the pro-
tons emit an oscillaing eectromagnetic
pulse. the free induction decay dgnd. so
named because the synchronized free
precesson of spins induces a decaying
dectromagnetic dgnd. This sgnd cor-
responds to the start of the race: the spin
axes are now in a state of dynamic order.

| n time this order decays. One reason
for the decay of the free induction
sgnd may be that the datic magnetic
fidd does not have exactly the same
drength throughout the sample. Since
the protons precesson frequency de
pends on the srength of the externd
fied, a proton in a region where the
megnetic fidd is stronger will precess
more rapidly than the others. just as
some runners are fagter than others. The
sin axes come to point in different di-
rections. They gradudly fan out, like the
runners on the track: the spin axes of
those protons that precess rapidly will
point ahead of the axes of the dower-
precessng protons [see illustration on
page56]. The angle formed between any
two spin axes that come to point in dif-
ferent directions is cdled the phase ar
ge the magnitude of the phase angle is a
measure of how much the two spin axes
are out of synchronization. As the pro-
tons desynchronize they no longer emtt
the oscillating eectromagnetic field. the
free induction decay. The sample is now
in a state of apparent chaos.

After the protons free induction de-
cay the sample is excited with the second
rf pulse. which is like the second tiring
of the starter’s gun. This pulse is a the
same frequency as the firg one, but in a
typicd experiment it lasts twice as long;
consequently the plane in which the pro-
ton soin axes lie is flipped through a full
180 degrees. ending once again in an ori-
entation perpendicular to the congant
field. It is as though the plane in which
the spin axes lie has been turned upside
down or reflected in a mirror.

Following the firs rf pulse. the phase
angles between fagster- and slower-pre-
cessing soins had gradudly grown larg-
er. Just after the second pulse, which
flips the plane in which the axes lie
the phase angles between the various
axes are the same as before but the rdla-
tive pogtions of the faster- and dower-
precessing axes are reversed. In other
words, prior to the second pulse the fast-

er-precessmg axes had gradudly come
to point dightly ahead of the direction in
which the dower-precessing ones point-
ed: after the second pulse the plane
in which the axes lie has been turned
upside down (or mirror-reflected) and
the dower-precessing axes point dight-
ly ahead of the faster-precessng ones.

The faster-precessing proton spins are
now behind the dower ones, just as the
fagter runners were behind the slower
runners dafter the dtarter's second signd.
As in the race, regpidly precessng spin
axes will eventudly caich up with the
dower ones, and so the axes will redign.
At this moment the aoms will emit an-
other burst of radiation. the echo pulse.
showing that the seemingly lost order
has now been recovered.

In the spin-echo effect the applied rf
bursts are said to be in resonance with
the proton spins because the frequency
of the burgts exactly matches the pro-
tons natura frequency of precesson.
This soin-flipping property of resonant
radigtion is the cornerstone of the nu-
clear-magnettc-resonance  (NMR)  tech-
niques discovered independently in 1946
by Edward M. Purcdl of Harvard Uni-
versity and by the late Felix Bloch.
then a Stanford Universty. in NMR
spectroscopy the investigator excites a
sample in order to determine which
frequencies of radiation will induce
spin flipping; each resonant frequency
corresponds to a unique nudear in in
a paticular nuclear environment. For
example. the grength of the loca mag-
netic field can vary in different parts of
a molecule because an dectron cloud
patidly shidds its nudeus from an ex-
ternad fidd. Once an NMR technician
knows the spin-5ipping frequencies. he
or she can determine the chemical make-
up of the sample. Spin echoes are among
the most useful of NMR imaging tech-
niques. The externdly applied fidds can
be controlled to determine the occur-
rence of a given precesson frequency
over a large sample. even one as large as

a human body.

There is another way that spin-echo
effects can be used to study prop-
erties of various substances. In our race-
track andogy the runners will not dl
finish dmultaneoudy if some of them
have tired and have reduced their speeds
during the race: in a sense any change of
speed introduces a disorder within the
hidden order. A corresponding disorder
in an aomic sample could involve calli-
sions between the aoms, megnetic inter-
actions between neighboring atoms or
movement of an aom from a region
where the externd magnetic fidd is high
to one where it is lower. thereby chang-
ing its rate of precession. if the dday
between the two rf pulsss is length-
ened, the random disorder introduced
between pulses will increese and the
echo signa will be weaker. A physicist

or chemig can thus use the strength
of the echo. or its decay time. as a meas-
ure of such random processes in matter
as thermai agitation. internal motion
and the fluctuation of locd fidds

With the development of coherent la
ser light the echo concept was extended
in 1964 to optica frequencies by Nor-
man A. Kurnit. Issac D. Abdla and
Sven R. Hartmann of Columbia Univer-
sity [see “Photon Echoes” by Sven R.
Hartmann: SCIENTIFIC AMERICAN, April,
1968]. The physcd principles underly-
ing the spin and photon echoes are the
same: both are examples of hidden or-
der produced and reveded by coherent
radiation. The spin echo, however, in-
volves atomic nuclei whereas the pho-
ton echo usudly involves aomic dec-
trons. As Richard P. Feynman, Frank L.
Vernon. J., and Robert W. Hellwarth,
then a the Cdifornia Inditute of Tech-
nology, were able to show, both stu
aions can be described by the same
mathematicd formdism, which is a gen
eralization of Bloch's original gyro-
scopic  equations.

T he aove expeiments show that the
hidden order within seemingly dis
ordered systems can sometimes be re-
veded. It has aso been shown that
certain phenomena. such as molecular
collisons, can introduce dements of
disorder into the hidden order. causing
the echo strength to decay. Can echo ex-
periments be devised that will negate
even such randomly occurring, seem-
ingly irreversble effects?

The suggestion seems to contradict
one's intuition that the large-scde con-
sequences of such random events as col-
lisons between molecules are in princi-
ple irreversble. In this ingance intuition
is mideading, because it is sometimes
posshle to eiminae even the disorder-
ing effects of dadic madecula cdlli-
sons. This resault is achieved by apply-
ing a large number of incident pulses
spaced close together. These multipulse
experiments were fird done in NMR
by Heman Y. Car. now a Rutgers
Universty, and Purcdl. Jan Schmidt
of the State University of Leiden, Paul
R. Berman of New York Universty
and one of us (Brewer) later extend-
ed the multipulse work into the optica
region. We shal describe such a case.
a photorn-echo experiment on a gase
ous sample.

The photon-echo effect is in principle
very dmilar to the nuclear-spin echo. In
the spin echo an incident rf pulse reso-
nates with proton axes to dign them in a
gate of dynamic order: this order seems
to decay but is recaled by a second res-
onant rf pulse, which reverses the rda
tive phase angles of the protons. causing
them to redign and produce an echo.
The photon echo is andogous. except
the incident radiation is provided by a
laser (that is, in the opticd and
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it resonates with oscillations of the dec-
tron cloud surrounding each gaseous
aom to produce an echo pulse

The gaseous aoms of a typica pho-
ton-echo experiment are in a date of
chaotic thermal motion; they behave
like billiard balls, undergoing elastic
collisons, which change ther velocities
but not their internd dates. If the aoms
ae dadicdly scattered after being ex-
cited by the firgt laser pulse, they experi-
ence dightly dtered trgectories and ve
locities. Because of the Doppler effect,
eech affected atom’'s emisson frequency
(which is andogous to the precession
rate of a proton axis) is changed. The
ensamble of aoms is no longer in a date
of hidden order. In the racetrack ando-
gy it is as though collisons between the
runners had changed each runner’s ve
locity. In the NMR case the same kind
of decay occurs because some mole-
cules of the liquid sample diffuse ran
domly to regions of differing megnetic
fidd grength.

Returning to the racetrack analogy,
imagine that the darter fires the gun
many times in rapid succession, each
time causing the runners to reverse ther
paths. Even if a runner’s speed has
changed dightly (because of a collison)
between gunshots, he will ill be in g
proximate dignment with the other run-
ners as they cross the darting line, be-
cause he will not have deviated very far
from his “ordered” postion in the short
time between shots.

This multiple-reversal sequence has
an even more dramatic effect. Suppose a
catan runner’s speed has been dightly
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increesed by a collison. He will thus run
a gregter digance per unit of time than
he would have if no runner had collided
with another. Since he repeatedly re-
verses his direction, however, he devi-
aes from his ordered pogdtion, fird in
one direction and then in the other, by
equa amounts. The disance by which
he deviales from his ordered postion
will therefore average out to zero. He
will day roughly in dignment with the
other runners. In a sense it is as though
the collison never happened.

In the same way, if a gaseous sample
was excited with many closdy spaced
pulses, then the Doppler shifts caused
by dadic collisons would be averaged
out to zero. An aom that has changed
its veocity will indeed have an emisson
frequency different from that of the av-
erage atom. Since, however, each of the
multiple pulses will reverse that aom’'s
phase (as each gunshot will reverse a
runner’s direction), the atom's emis-
sion frequency will alternate between
being higher and lower than the mean.
On the average the atoms will be excit-
ed in unioon. Snce the a@oms reman
gynchronized, the effect of dadic col-
lidons is minimized.

After each of the many pulses the a-
oms will come back into dignment, as
the runners do between the multiple
gunshots, and each time the atoms re-
dign they emit another echo pulsa The
chan of many pulses thus produces a
chain of many echoes, one echo between
each par of pulses.

The Carr-Purcell multipulse experi-
ment is redly a way of enhancing the
ordinary echo effect; the experimenter
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GYROSCOPIC PRECESSION in a gravitational field models the precession of a proton in a
magnetic field. The axis of a spinning, tilted gyroscope (left) moves in a horizontal circle, a mo-
tion called precession about a constant force (in this case the force of gravity). In the same way
a proton (right), a charged particle with intrinsic spin, precesses about a constant magnetic field.
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applies many incident pulses in order
to produce many echoes, prolonging the |
sample's state of order. 1
There is another type of multiple
pulse experiment which is even more
striking. Called the "magic-sandwich
echo” effect, it was first demondrated by
John S, Waugh, dong with Won-Kyu
Rhim and Alex Pines, who were thenlg, |
students of his at the Massachusetts j&
Ingtitute of Technology. The effectin- §,
volves subjecting a sample to along ser-
ries of gpecidly processed pulses inor- &
der to produce a single echo. What is
specid about the magic-sandwich echo
effect is that it can be demonstrated in a
sample that would ordinarily not pro-
duce any echo a dl. Without the gp-
plication of this unusud train of pulses,
the sampl€'s earlier state of order couldj
never be recovered. !

In a typical magic-sandwich eqai-
ment a calcium fluoride crystd is
placed in a congant magnetic fidd. a
in the spin-echo experiment, an rf pulse
thet tips the spin axes of the fluorine nu-
clei by 90 degrees is applied to the sam-
ple. The crystd then emits a freeinduc-
tion decay dgnd, like that emitted by
the liquid sample in a spin-echo experi-
ment. After the signd hes died out an-
other 90-degree pulse is applied, fol-
lowed immediady by a long series of
180-degree pulses in rapid succession
and then by another 90-degree pulse.
This is the sandwich: the two 90-degree
pulses represent the bread and the se
ries of 180-degree pulses is thefilling.

There is gill no smple pictorid mod-
d for describing what happens during
the magic-sandwich effect. It can only
be sad (according to the currently ac-
cepted mathematical description) that
the magic sandwich actudly changes the
sgn of the eguation of motion for the
fluorine nude; that is it achieves pre-
cidy the momentum reversd tha Lo-
schmidt described to  Boltzmann. ]

Even in an experiment involving mul-
tiple pulses there is Hill some decay of
the echo sgnal; succeeding echoes grow §
wesker. This decay, in the case of a gase §
is due primaily to indadic collisons, §
which ae collisons vident enough to
produce irreversible guantum changes
in the energy levels of the atoms in §
volved. The echo decay in a multipulse
experiment is therefore a measure of the
rae of indadic collisons and diffuson
in a sample This means tha a multi-
pulse experiment can be used to select
specific types of aomic interactions for
sudy without the complication of com-
peting dynamic processes.

T here is yet another way to produce - §
aomic memory, one in which time

reversd is not required. The basc idea
appears in the racetrack andogy. It is
possble to have dl the runners travel a




the same radid speed, preserving ther
initial alignment. This is the simplest
caxe of dl, but how can it be achieved?
In gaseous sample it is posshle to
sdect dl the atoms that have one edifi-
ic velocity by excting the sample with a
nearly monochromatic (single fregquen-
cy) continuous wave (cw) laser beam of
the appropriate resonant frequency. Be
cause of the Doppler effect, identicd at-
oms moving a different vedodties will
absorb light a dightly different frequen-
cies. If the lasr frequency is spectraly
pure, that is if it is esetidly a dngle
frequency, then only the atoms with one
paticular velocity will be sdected and
prepared coherently. To return to the
racetrack andogy, it is as if runners of
only one paticular speed were dlowed
to dtart the race.

The alignment of these coherently
preparred atoms is demonstrated in a
laser-frequency-switching  apparatus:
dter a long excitation period the fre-
quency of the lasr beam is suddenly
switched to a new vadue s tha it is no
longer in resonance with the prepared
group of atoms. This switching ends the
excitation. The coherently prepared at-
oms, however, now act like a set of iden-
ticd tuning forks tha have been struck
smultaneoudy: since they al have the
same resonant frequency, they reinforce
one another and radiate in unison an
intense, coherent beam of light in the
forward direction. The beam has all
the properties of laser light (coherence,
directionality and a single frequency)
because the a@oms retain a memory of
their ordered date. This is the optica
andogue of the free induction decay as-
sociated with  magnetic  resonance.

The free induction decay effect was
firgt discovered in NMR in the radio-fre-
quecy region by one of us (Hahn) and
in the opticd region by the other of us
and Richard L. Shoemaker, now a the
University of Arizona Like the echo -
fect free induction decay enables the
physicis or chemist to measure, in ma
terials of many types, properties that
ae ordinaily difficult to observe. By
sudying the decay of vaious emission
frequencies under different conditions,
one can achieve a better understanding
of the interactions within and among
the molecules of a sample.

Laser frequency switching was intro-
duced a the Internationa Busness Ma
chines Corporation's San Jose Research
Laboratory by one of us (Brewer) in col-

laboration with Azriel Z. Genack. It
has been used to observe not only free
inductiondecay but dso an entire class
of atomic memory phenomena. The

process of tuning the laser into and out
of resonance with an aomic sample is
equivdent in a sense to gpplying pulses
of laser light; thus switching a laser into
resonance with a sample for two short
periods of time is essentidly equivaent
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PRECESSION OF A SPINNING PROTON subjected simultaneously to a constant magnetic
field and a rotating (circularly polarized) magnetic field is the combination of two simpler pre-
cessions. The first is a precession about the constant magnetic field (a, color). If the second, rotating
field rotates at precisely the rate at which the proton’s spin axis precesses, the angle between
the two remains constant; from the vantage of the precessing proton the rotating field seems to
be a constant one, and the axis precesses downward about this horizontal field (b, color). The com-
bination of these two motions, as seen by an outside observer, is a downward spiral (c, color).
The rotating field is turned off once the spin axis lies in the plane perpendicular to the constant
field, and the axis continues to precessabout the constant field (d, color), staying in this plane.

to applying two short laser bursts and
will produce the same echo phenome
non. The frequency-switching technique
has the advantage that switching proc-
esses can be more precisdy timed and
controlled by eectro-optic devices. In
addition interference between the sam-
ples emisson and the laser light (at its
new frequency) produces a strong (het
erodyne) beat signa that can be used to
diginguish the samplés emisson from
any background noise.

One of us (Brewer), with Radph G.
DeVoe of IBM, has recently used
the laser-frequency-switching  technique
to examine the fundamentd gyroscopic
equations used by Bloch in his fird de-
scription of NMR. According to Bloch's
equations, the nuclear-memory decay

time should not depend on the srength
of the applied fields. In 1955 Alfred
G. Redfield showed, using thermody-
namic aguments, that these equations
required modification. He observed the
nuclear magnetic resonance of a pure
meta and found that an intense radio-
frequency fidd can actudly lengthen the
memory lifetime (that is reduce the rate
of decay) through a time-averaging -
fect that is smilar in some ways to a
time reverd.

DeVoe and Brewer have extended
Redfidd’'s argument into the opticd re-
gion. To do so they used one of the sta
blest tunable lasers in exigence (the la
s=x’'s emisson frequency can be adjudt-
ed and, when it is s, is gable to five
pats in 10 million million). With this
laser DeVoe and Brewer peformed a
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SPIN-ECHO EFFECT is induced by two radio-frequency (rf) pulses, to point in different directions (2, 3). A second rf pulse, twice as long
which tip the spin axes of the protons in a liquid sample in a constant as the first, then flips the plane in which the spin axes precess untij
magnetic field. Two representative protons are shown; the magnetic they lie in the same plane as before but with the relative positions,pf !
field in the region of the black proton is stronger than the field in the faster- and slower-precessing axes reversed (4). The faster-precess- f
region of the colored one. In I the first pulse tips the axes until they ing axes are now behind the slower ones (5). Like the faster runners, '
lie in a plane perpendicular to the constant field, where they continue they will eventually catch up (6). The two oscilloscope traces repre: ;
to precess. Since the constant field differs from region to region with- sent the sequence of rf pulses (top) and the signals given off by thg
}‘

in tbe sample, some axes will precess faster than others and will come sample when the protons align (bottom), including the echo pulse (6).




free induction decay experiment. The

sample examined was a crystal of lan-
thanum trifluoride containing praseo-
dymium impurity ions. A nuclear mag-

netic interactton between the praseo-
dymium and the neghboring fluorine
nuclei caused the memory decay.

Like a proton. a fluorine nucleus
haves as a spinning charge, creating its
own magnetic fidd. The fidds of fluo-
rine nucle are srong enough to flip
neighboring fluorine nude in the same
way as an rf pulse can flip a proton.
When a duorine nucleus flips, the result-
ing change in the locd magnetic fidd is
sometimes  drong enough to flip yet
another neighboring  fluorine  nudeus.
Such random sequences of spin flipping
ae common in the lanthanum trifluo-
ride crysd.

When a lanthenum trifluoride crystd
is exposed to coherent laser radiation of
the correct resonant frequency, the pra
seodymium ions become synchronized
and emit their own coherent radiation.
a free inductton decay signd. Huorine
nuclel that undergo random sptn flip-
ping can desynchronize the neighboring
praseodymium tons. causing the coher-
ent optica emisson to die out.

eVoe and Brewer measured this de-

cay time using the laser-frequency-
switching technique described above.
They excited a sample of lanthanum tri-
fluoride with a tunable dye laser and
then switched the frequency of the la
s S0 that it no longer resonated with
the praseodymium impurity ions  This
required an extreordinarily frequency-
dstable laser in order to excite a very
smdl range of frequencies the linewidth
of praseodymium is only 10 kilohertz.
rou?hly 10 million times narrower then
earlier optical measurements in sol-
ids. Once the laser frequency had been
swttched. the praseodymium  emitted
the free induction stgnd. which decayed
in about 17 microseconds.

It is posshle to quench the magnetic
interaction between fluorine and prase
odymium by increesing the intensty of
the laser used to excite the crystd. An
increase in laser intengty drives the pra-
seodymium ions more rapidly between
higher and lower quantum states as they
absorb and reemit photons. Each time
the praseodymium ion goes through an
absorption-emisson  cycle. the nuclear
magnetic interaction between it and
the neighboring fluorine nudei chm%es
sgn; ingotherngwords the interaction that
had been present between a praseodymi-
um ion and a fluorine nudeus will act in
the opposite direction after the praseo-
dymium ion has absorbed and reemitted
a photon. Thus a fluorine nudeus that
had been causng a praseodymium ion
to desynchronize from the others will
effectively reverse its effect on that ion
and force it back into synchronization.
This is similar to the reversd of phase
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LASER-FREQUENCY-SWITCHING APPARATUS was used by one of the authors (Brew-

er) and Ralph G. DeVoe to observe another class of atomic memory effects. A laser beam of
frequency Q is used to excite a crystal sample, which is held in a constant magnetic field (cen-
ter). Then the laser frequency is switched to a new value, Q', by a modulator (left). The sam-
ple itself, resonating from the first laser beam, gives off coherent radiation, the optical free in-
duction decay, at the original frequency Q. Emission from the sample combines with the laser
beam to produce an interference signal at a detector (right). The duration of this signal tells
the experimenter how long the atoms of the sample retain a memory of the initial laser beam.

order produced by the laser. in a multi-

pulse Carr-Purcell  experiment. If the
time between reversds of phase order is
shorter than the time between the desyn-
chronizing events (in this case random
fluorine flips), then the disturbances
caued by the fluorine nucde are com-
pensated because their interactions with
the praseodymium are reversed. With
Axel Schenzle of the University of Es-

sen in West Germany and Masaharu
Mitsunaga of IBM, DeVoe and Brew-
er have developed a genera microscop-
ic quantum theory of this phenomenon
that extends Redfiedd’'s thermodynam-
ic argument into the opticd part of the

spectrum for the firgt tune.

The techniques of pulsed radio-fre-
quency radiation. the principles of
which have been known for nearly 40

years, are important tools in science
and medicine. primarily in NMR body
imaging and the structural andysis of
chemical compounds and the solid state.
With the development of extremey pre-
cise and stable lasers. these methods are
just now being made possible in the opti-
cd region.

These atomic-memory phenomena
would have ddighted Loschmidt be-
cause they show that some types of de
cay, even decay caused by random col-
lisons, can be reversed. Beyond their
philosophicd charm. however, atomic-
memory phenomena can be very use
fu. By diminaing the decoy effects of
some processes. they enable physicists
to study other processes in greater de-
tal. giving us a dearer view into the
dructure and interactions of materids
on the aomic leve.
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