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'" ' 'AHN has reported' a modulation, or "slow beat, " in the
. .. ~ proton spin echo envelope of ethanol. Steady state observa-
tions' of the F" nuclear magnetic resonance in BrF» and IF» re-
vealed a complex line structure which has been associated' with
an interaction among the F" nuclei, via a coupling with the nu-

clear magnetic shielding 6elds. We have found that the F'9 spin
echoes in these compounds exhibit slow beats. » Herein are pre-
sented the results and an analysis, which show that the slow beats
originate from the interaction responsible for the steady state
multiplets.

The F" steady state resonance' in BrF» and IF» consists of two
groups of lines, the centers of which are separated by a chemical
shift BQ. The components in each group are separated equally by
an amount Bcu. Typical echo envelopes for BrF» are shown in

Figs. 1 and 2. Each echo' occurs at 2r, where v is the time between
the two rf pulses. There are two slow beat "frequencies" in the
envelope. The diGerence in v between successive maxima of the
rapid variation satis6es the equation h,v=2m/BQ. The slower
variation satisfies the relation 6~=2~/bee. Steady state experi-
ments show that BQ is proportional to applied magnetic field' and
that bop is independent of field. 3 The echo envelopes were ob-
served at two different applied 6elds, and the "frequencies" satis-
6ed the above equations.

Figures 3(a) and 3(b) show individual echoes. It is seen that they
are similar to echoes obtained from samples containing two non-
interacting nuclei whose Larmor frequencies differ by a chemical
shift, ' except for an asymmetry in our echoes. Qualitatively, the
echo shape is similar to that obtained by multiplying a symmetrical
echo by a function having the general shape of the echo envelope.
Thus echoes of maximum or minimum height are symmetrical.

Simple interference among magnetic moments precessing at the
diRerent frequencies known. from steady state experiments does
not explain the observed slow beat amplitudes. It has been pointed
out elsewhere' in connection with steady state experiments that
there are good grounds for assuming two nuclei of spin Ii and I2
are coupled by an interaction of the form Ii I2. Hahn and Maxwell
have predicted» the echo envelope for a system of two spins on the
assumption that there is a chemical shift between their Larmor
frequencies and such a dot product coupling between the spins.
Subsequently we have made calculations using the following

Ftc. 2. First two groups of Fig. 1 on faster sweep to show the details better.
Each of the sharp peaks is composed of several individual echoes.

Hamiltonian
H =hQE„+k(Q+sn)I„+ha~I„I„,

where Q is the Larmor frequency of nucleus number one, and
Ji, and I2, are the components of spin of the two nuclei along the
static applied field. Since in practice 5Q))bee, this Hamiltonian is a
close approximation to that obtained with dot product coupling,
and may be considered as the Hamiltonian for a 6rst-order per-

FiG. 3(a). Individual echo occurring slightly left of a maximum in the
faster variation in Figs. 1 and 2. The distortion tends to follow the envelope
shape.

Fro. 1, The F» echo envelope in, BrF» at 30 Mc showing two modulation
"frequencies. " The envelope is obtained by multiple exposures; 60 cps
timing below. Fio. 3(b). Individual echo occurring slightly right of same maximum.
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turbation calculation. Ke have carried through such calculations
for catt = m/2 in Hahn's notation' (spins turned through ~/2 by
the radiofrequency pulses) and cot»bQ, bee. KVe find the echo
envelope is proportional to

j 1+cosRov+(1 —cosh~a) cosh')r
~
.

This agrees with the results of Hahn and Maxwell. '
In addition, our calculation explains the echo asymmetries in

the following manner. %e consider separately the two spin groups
1 and 2 whose I.armor frequencies are chemically shifted relative
l.o one another. At time t = 2v there is a resultant magnetization of
group 1 and of group 2. The echo amplitude and asymmetry result
from the following: (a) The length of the magnetization vectors is a
function of v. (b) The relative spatial orientation of the vectors
at t = 2v depends on 7. Feature (b) accounts for the asymmetry,
since if the vectors are not in phase at t =2r, their diRerent preces-
sion frequencies cause a more perfect alignment at times either
before or after 1=27. For example, the vectors might reach align-
ment on the leading edge of the echo, but not on the trailing edge
with the result that the leading edge would be stronger than the
trailing edge. The analysis shows that when bOv =nm, where n is
an integer, the vectors are in phase at t =2r, and the echo is sym-
rnetrical. This result is in agreement with the experimental facts
mentioned earlier since these values of v are the ones for which the
envelope has a maximum or a minimum.
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"FURTHER investigation of the echo envelope modulation
effect has been carried out and related to measurements

made by slow passage nuclear resonance methods. "According to
the echo method, two short, intent pulses of radiofrequency power
are applied to the spin ensemble at the nuclear resonance condi-
tion, and are separated by time interval v. The echo appears with
a given maximum amplitude at time 2v. At the onset of the first
radiofrequency pulse the spin system is at thermal equilibrium.
I'or each setting of r the maximum of the echo signal is measured
and l)lotted as a function of increasing r. If the spin ensemble
consists of magnetic moments located in equivalent chemical
environments Li.e., protons in H20 or (CH3).Oj, a monotonic
decay in the echo envelope is obtained.

The envelope modulation eRect is observed in molecules in
which nuclear magnetic dipoles have neighboring nuclear di-
poles in nonequivalent chemical environments. Examples are di-
chloroacetaldehyde (CHC12CHO), 1-fluoro-1, 2,2 trichloro-ethane
(CFClH —CC4H), and ethyl alcohol (C&H&OH), where H and F"
are the resonant nuclei concerned. In general these molecules may
fall into either of two classes which contain resonant nuclear
moments in the following arrangements: A resonant nucleus (or
chemically equivalent nuclei) may have one or more neighboring
clipole nuclei which are (1) identical with the resonant one, but
chemically nonequivalent, or (2) not identical.

In molecules such as CHC12CHO, C2H;OH, ' and CCl~(CHC1);i-
CCl&, two distinct modulation frequencies appear on the echo
envelope: (1) One frequency corresponds to the diRerence in
chemical shift, '~ 8, between two nonequivalent spin groups,
which is measured by the slow passage method as a frequency
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Ftc;. 1. Zeeman energy level diagram for a nonequivalent t~vo spin systeiil
(for each spin, 1 = ~). For 6~0 the magnitude of hip =hi =h2 chosen is
arbitrary. For h J the intensities of the transitions indicat:ed are de-
termined by the particular transition probabilities between the given states
as well as by their statistical weights. For 8 finite, two pairs of resonance
lines results where h(vt; —vga) =h(vLi —vg) =4JA is the separation between
lines in each pair, and h(vg —vg) =h(vg —vD) =2k(4J2+»/4)&.

diRerence between peaks of resonance signals. ~' (2) A second
frequency, J, appears which is generally smaller than the fre-

quency due to the chemical shift. This frequency is observed to be
independent of the dc magnetic field Ho. In cases where it. can be
resolved' by the slow passage method' ' it is measured by the
splitting of resonance lines belonging to equivalent spin groups.

If either of these frequencies is zero the modulation is absent. .
Many molecules exist (i.e., CH3COOH) which have a chemical
shift between nonequivalent nuclei as measured by the slow

passage method. This shift, however, does not always appear
on the echo envelope, but will only appear in those molecules in
which these nuclei are sufficiently close neighbors. For these
molecules the frequency J becomes finite, which in turn makes
possible the appearance of the chemical shift. on the echo envelope.
For the special case involving two nonequivalent nuclei in
CCl~HCHO" these properties and the shape of the echo en-

velope can be predicted if the empirical Hamiltonian operator

X= —a{-&~„(H,+», l+&~,(H, +~~,)

+J(ot.o-~.+ai„o)y+o-t.o z) j (1)

is chosen to describe the system. hi and lt are the absolute
chemical shifts in gauss of the nuclei 1 and 2, respectively, and

y(ht —It&) =5. p is the gyromagnetic ratio and et, e2 are Pauli
spin operators. The eigenvalues and the splitting which results
in the stationary state are shown by the Zeeman level diagram in
Fig. 1. The top and bottom levels are pure triplet states and each
of the two closely spaced levels is a linear combination of singlet
and triplet states. For 8~0 the mixed state with the energy eigen-
value J+(4J'+5'/4)& now becomes a pure singlet state. The J
splitting therefore disappears because transitions to and from the
pure singlet state are forbidden. This supports the fact in the case
of two equivalent nuclei that no J splitting is observed. ' "0

The time-dependent population coefficients of each state have
been evaluated under the initial conditions. imposed by the ap-
plication of two radiofrequency pulses. Each pulse at Hi gauss
maximum amplitude lasts for t„seconds, where t„&(7.and 1/t,
yHt(= cot)»ybH, 6, J. AH is the magnitude of the external field
inhomogeneity over the sample. For the case 5»J the expression
for the observed echo amplitude (excluding damping due to
relaxation) is given by

V=NO~ sin'(catt /2) sin(~it .) cos(4Jv) sin'(b~/2)
—cos(catt~) cos'(67./2)+ 2 sin'~it„cos'-'(br/2) j, (2)

where Mo is the macroscopic magnetic moment. For catt = m/2 the
observed plot of the envelope due to protons in CC12HCHO is

given in Fig. 2. The plot agrees v ith (2) within experimental
error when normalized to unity in order to correct for damping
due to T2 (total relaxation time) and molecular diRusion. ' A
generalized form of the Hamiltonian operator (1) containing terms
with more than two spin operators is now being used to calculate
the shape of the echo envelope. The results thus obtained will be








