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Transient nutations of the resultant nuclear magnetic moment vector are set up by applying radiofre-
quency power in the form of pulses in the neighborhood of resonance (w=+vH,). The nutations have an
initial amplitude depending on the state of magnetization at the start of a pulse and on the proximity to
resonance, and are damped by spin-spin and spin-lattice interaction. The thermal relaxation time can be
directly found by observing the dependence of initial amplitude on the time between pulses. The spin-spin
time constant T'; can be found from the rate of decay even in the presence of normally disturbing inhomo-
geneity in magnetic field. Sensitivity is in many cases comparable to that obtained in the modulation
method with narrow band amplifiers. The fast response due to the relatively wide band widths used can be
applied to a rapid search for unknown resonances. The effects observed are in qualitative accord with

predictions based on the Bloch theory.

I. INTRODUCTION

INCE the original work on the detection of nuclear
magnetic resonance in bulk matter’? many im-
provements in technique and method have been
introduced by wvarious workers.*® In most of the
methods currently in use a steady state is set up which
may be described as an equilibrium resulting from the
competition between the applied radiofrequency mag-
netic field on the one hand which tends to equalize the
populations of the Zeeman levels and thus to demag-
netize the system and on the other hand the effect of
the interactions between the spins and the thermal
motions of the nuclei which tends always to restore the
system to thermal equilibrium as governed by the
Boltzmann distribution.

In case absorption is being detected an optimum
radiofrequency power exists which gives maximum
signal strength; in the case of dispersion a maximum
signal results for large radiofrequency power. As Bloch?
has shown the two maxima are the same being given in
his notation by &9

"vmax:umax:%(Tz/Tl)}Mo. (1)

In many cases T5/T1<1 and the maximum values of
u and v are much less than M.

The steady state may be attained either by a very
slow approach to resonance in which case the steady
state conditions may be assumed to hold at each
instant of time, or by a relatively rapid approach to the
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resonant conditions in which case transient motions of
the magnetic moment vector will be set up eventually
decaying to a steady state motion in a time determined
by the relaxation constants T and T,. During these
transients # and v may attain values much larger than
the steady state maximum (1), approaching in fact the
value M. It appears therefore that considerably larger
signal strengths are in many cases available through
such transients. This does not of course imply that more
sensitivity may be expected to result from utilization
of the transients, since the fact that they last for only
finite times limits the minimum band widths that may
be used in the amplifying and detecting circuits and
thus limits the minimum noise power which determines
the ultimate sensitivity. Nevertheless, as we shall show
(Section VII), the sensitivity to be expected from de-
tection of the transients is often comparable and in
some cases superior to that obtainable from the steady
state even with the use of band widths in the latter case
as small as 107! cycle/sec.

Quite aside from the question of sensitivity the study
of the transients appears capable of yielding, in a
straightforward manner, data on the relaxation con-
stants Ty and T, which allows their separate evaluation.
Furthermore, it appears to be possible by study of the
transients in certain circumstances to measure 7', even
if this quantity cannot be determined from the steady
state because its effect on the resonance width is ob-
scured by inhomogeneities in the magnetic field.
Finally the high sensitivity obtainable from the tran-
sients even with band widths of 10? cycles/sec. or more
seem to offer some promise in their utilization in the
search for unknown resonances, since the search can be
conducted in far shorter times than is possible in the
steady state case. We have made theoretical and experi-
mental investigations of these transients and although
our results so far are preliminary they seem to have
sufficient interest to merit publication in advance of
a more exhaustive study.

Before analyzing the effects that have been expected
and observed from the transients under review it would
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be well to distinguish them from certain transient
effects which have already been discussed and in some
cases observed by other writers.

(a) In the introduction to his paper Bloch? suggests
the possibility of observing nuclear induction in the
absence of a r-f field by first disorienting the resultant
nuclear moment with a strong field pulse. When this
driving pulse has disappeared a signal resulting from
the free precession of the nuclear moment should be
observable. This effect to the best of our knowledge has
not yet been observed. It differs from the transient
effects treated here in that the latter occur before
rather than after the driving pulse is extinguished ; thus
the motion of the nuclear moment vector is in the present
case forced rather than free.

(b) In the same paper Bloch discusses in some detail
the effects to be expected from an approach to resonance
which is fast in comparison to the relaxation times 7'
and 7 but slow in comparison to the nutation time
(yH,)™' of the magnetic moment vector. This case
gives rise to a nuclear induction which attains a
maximum value near M, at resonance. The signal
strength is thus large, but its duration is necessarily
short compared with T, The theory of this effect is
based on an approximate solution of Bloch’s differential
equations which is of such complexity as to make a
detailed interpretation of experimental results in terms
of the relaxation constants somewhat difficult. Bloch,
Hansen, and Packard! have, however, obtained experi-
mental results which show at least a qualitative simi-
larity to the effects expected. In contrast, the effects
considered here result from a sudden approach to the
resonant condition taking place in a time short com-
pared both to (yH,)™ and to T, and T;. Once the
resonant condition is thus established, the effective
external parameters of the theory Hy, w and H, are kept
constant. The Bloch equations take in this case the
form of linear equations with constant coefficients and
are thus susceptible to exact solution in terms of ex-
ponential and sinusoidal functions of time, making the
interpretation of the data relatively simple.

(c) Another transient effect was observed by Bloem-
bergen, Purcell, and Pound?® and called by them “the
wiggles.” It has been analyzed theoretically by Jacob-
sohn and Wangness.!! It bears no relation to the effects
considered here.

II. THEORY

The theory of the transients will be based on the
general macroscopic theory of Bloch.” This theory (as
pointed out by Bloch) is only semi-quantitative, but it
has virtue of simplicity. It does not seem feasible at
this time to undertake a more rigorous treatment. Not
the least interest, perhaps, in an experimental inves-

10 Bloch, Hansen, and Packard, Phys. Rev. 70, 474 (1946).
( 1 B) A. Jacobsohn and R. K. Wangness, Phys. Rev. 73, 1509
1948).
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tigation of the transients will be found in an elucidation
of the limitations of the Bloch theory.

It is supposed that a sample of material with non-
vanishing nuclear moments is placed in an applied mag-
netic field consisting of two components: a steady
component of magnitude H, oriented in the z-direction
and an oscillating component 2H, cosw? in the x-direc-
tion. As is well known the oscillating component can be
further decomposed into two circularly polarized com-
ponents in the x—y plane rotating in opposite directions
about the z-axis. Only one of these, namely that one
rotating in the same sense as the free Larmor precession
of the nuclear moment, is effective in disorienting the
nuclear moment ; the other can and in fact will be com-
pletely ignored. The resultant nuclear moment M of
the sample may be resolved into three components:
M in the z-direction, « parallel to the effective rotating
component of the magnetic field and v orthogonal to M,
and leading the effective rotating field component by
90°.

The time dependence of these components of mag-
netic moment is governed in the Bloch theory by the
differential equations:

du/dr+Bu+8v=0, (2a)
dv/dr+Bv—du+M,=0, (2b)
dM./dr+ oM ,—v=M,, (2¢)
where
r=vHit, 6= (wo—w)/vH,
B=1/vH\Ts, wo=~H,, 3)
a=1/yH\T:, Mo=xoH,,

¢ is the time, vy the absolute value of the nuclear gyro-
magnetic ratio, and xo the static susceptibility. The
above notation is the same as that of Bloch, except
that we use v in place of his |v].

It is shown in the appendix that if w stands for any
one of u/M,, v/M,, or M,/M, the general solution of
these equations may be written in the form

C
w=Ae~*+ Be~* cosst+—e~t" sinst+D. 4)
N

The first three terms in (4) give the transient effects and
the last term the steady state. The values obtained for
D must of course agree as in fact they do with the Bloch
steady state solution.!? The constants a, b, s, 4, B, C,
and D of Eq. (2) are functions of «, 8, and 4. Of these
constants @, b, and s are independent of the initial
conditions and are the same for all components of M ;
A, B, C, and D depend on which component w stands
for, and all except D depend on the initial values %o, vy,
and (M), of u, v, and M,. The factors a, b, and s and
the coefficients 4, B, C, and D are evaluated in the
appendix, implicitly in the general case and explicitly
in the special cases (a) 6=0, ie., the case of exact

2 See Eq. (56) in reference 7.
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resonance; (b) a=B or T1=T:; and (c) in case the
radiofrequency magnetic field H, is sufficiently large so
that a<1 and BK1.

In the following section the method now being used
for experimental observation of the transients is out-
lined. As explained there the quantity directly observed
is v as a function of time. The Bloch theory developed
in the appendix gives for v in the three cases (m, is the
initial value of M,/M,; it is assumed that uy=1v,=0):

(a) (6=0)

a a—pB\2\!}
—v/My= [l—e W“’"”cos(l—( ) ) r]
1+ap
a(a+p) a—p
+[m° 2(1+aB)/( ( ))]
a—pB\2\?
Xe‘("‘”)'“sin(l—(—z—)) r, (5)
(®) (a=8)
B
—~v/My=———]1—¢P" cos(146%)ir]
14p7+8°

1 2
+ (mo— d )e"‘” sin(14-6%)ir, (6)
(1+8%)? 144240

(o) (BK1)
— 0(B— «)? 1
e B 1y
52+ﬁ/a 148 \14+8 546/a
1 —a)d®my
r(ﬁ : m¢a]e""cos(1+62)5r
140l 146
mo
——————e*’” sin(148)¥+0(8%), (7)
(142t
where
18—«
b=p—-——+0[(8—a)*], @)
21462
B+ ad?
a= o +O0[(B—a)?]. ©)

If mo~1 the last term in the above expression for »
is dominant and

o/ M=— e~ sin(1462)}r, (10)
(148
or
moyH H
e [
Q
XsinQt, (11)
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where
Q= (vH 4 (wo—w) ). (12)

In cases (b) and (c) it will be seen that s is always
real and thus the transients consist of damped oscilla-
tions superposed on an exponential decay; the latter
(the term in A) vanishing at resonance. The oscillations
can be interpreted as arising from a periodic nutational
motion of the magnetic moment vector, damped by the
relaxation processes.

It is obvious in fact that the transients must have
this general form quite independent of any special
predictions of the Bloch theory. In the absence of
relaxation effects the motion of the magnetic moment
vector is exactly determined by the second law of
motion."

dM/dt=y(MXxH). (14)

Here H is the resultant magnetic field composed of H,
(in the z-direction) and the effective rotating a.c. com-
ponent H;. Let us now transform to a system of axes
rotating about the z-axis in the same sense as H; and
with the same angular velocity w. Let DM/d! be the
velocity of M as viewed in the rotating system. Then
by a familiar kinematical transformation we have

DM/dt=dM/dt+M x o,
or by (14)

DM/di=v(M xH), (15)

where

H=H+o/~. (16)

In the rotating system H is constant in time and thus
the solution of (15) can be stated at once: it consists in
a uniform precession of M about H; the angle of the
cone of precession being determined by the initial
conditions. At the same time H of course precesses about
the z-axis with angular velocity w. The motion of M
about H has the angular velocity

Q=+|H|
or
Q= (v2H 2+ (wo—w)*)%. )

The projection of this motion on the x—y plane will
obviously result in oscillations in # and v with the
angular frequency 2. Near resonance Q<w and the
motion as viewed from the laboratory system appears
as a slow nutation superposed on a rapid precession
about the z-direction.

The effect of relaxation processes may be expected to
take the form of a damping of these oscillations. The
Bloch theory makes explicit predictions as to the form
of this damping and also predicts (see Egs. (5)-(12))
that the frequency of the oscillations is unaffected by
relaxation in the case 7= T or in any case if 1. In

18 Reference 7, Eq. (11).
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some cases, however, e.g., if $=0and [ (8— a)/2 <1 the
damping may be sufficiently large so as to suppress the
oscillations.

III. EXPERIMENTAL OBSERVATION OF THE
TRANSIENT EFFECTS

It is clear that the transient situation may be set up
by any approach to the resonant condition which is
rapid compared to the nutation time 1/vH,. To accom-
plish this any one of the three external parameters H,,
H,, or w may be varied with the time in the form of a
pulse starting at say time {=0. In case Hy or w is
varied : for time (<0 we must have 6= (yHy—w)/vH:
>1 and for ¢£>0, 6 should be of order unity or less. In
case H, is pulsed, é need not be large for ¢t<0, but H;
(for t<0) must be sufficiently small so that M is
initially in the z-direction; at t=0, H, is increased to a
relatively large value. There are experimental difficulties
associated with the pulsing of any one of these param-
eters. In the case Hy or w is pulsed a very flat-topped
rectangular pulse must be produced. It is especially
difficult to get the required flatness with a sufficiently
fast rise time in the case of Hy. On the other hand if H,
or w is pulsed there are difficulties associated with the
response time of the radiofrequency circuits. In par-
ticular the inherent frequency sensitivity of radiofre-
quency bridge circuits is troublesome. However, in case
H, is pulsed, the requirement of flatness of the pulse is
considerably less severe than for H, or w. For this
reason we have chosen H, as the most suitable param-
eter for pulsing.

There is shown in Fig. 1 a block diagram of the
apparatus now in use. In the interests of frequency
stability we have chosen to pulse H, by gating a con-
tinuously operating oscillator. The oscillator is a R.C.A.
19427 which, although electron coupled, has excellent
frequency stability. The gating modulator is shown in
Fig. 2. It consists of a twin-T null network which is
normally balanced to a null. Part of the effective con-
ductance in the lower arm is provided by the output
impedance of the 6J6 cathode follower. A negative
gating pulse on the grid cuts the tube off and the im-
pedance changes rapidly from 200 ohms to 500 ohms
thus unbalancing the bridge.

The resulting radiofrequency pulse is amplified and
fed into a conventional bridge circuit shown in Fig. 3.
The primary of the transformer is adjustable in position
relative to the two secondaries, by means of a microm-
eter head. A second balancing adjustment is provided
by a small trimming condenser across one of the tuned
circuits. These adjustments are nearly orthogonal. By
symmetrizing the two arms of this bridge especially
with regard to the Q’s of the two parallel tuned circuits,
the bridge can be made sufficiently broad band to pass
the pulse without appreciable distortion. The bridge is
ordinarily balanced in the range between 40 db to 60 db.
Because of absorption and dispersion by nuclear
moments in the coil containing the sample under inves-
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tigation, the radiofrequency pulse put out by the bridge
is amplitude modulated ; the modulation voltage being
proportional to # or to v or to some mixture of the two
depending on the character of the bridge balance.!* In
all work to date the bridge has been balanced in phase
so that the output modulation is proportional to v.

The modulated radiofrequency pulse put out by the
bridge is amplified and detected by a IN34 germanium
crystal rectifier. This rectifier is biased negatively so
that it removes the small modulation from the relatively
large pedestal due to the unbalance of the bridge. The
detected signal is amplified and displayed on the ver-
tical plates of a cathode-ray tube. The horizontal linear
sweep of this tube is triggered by the leading edge of
the d.c. pulse which gates the modulator. The vertical
deflection gives directly the quantity v as a function of
time. Typical results are shown in Figs. 4 and 3.
Figure 4 shows —v as a function of time for §=0 due to
proton resonance in 1.5 cc of glycerine at room tem-
perature, and Fig. 5 shows a corresponding result for
the same volume of distilled water at room temperature.
In these examples the sweep duration is 0.01 second,
the radiofrequency is 9 mc/sec., Ho=2100 gauss, and
the radiofrequency magnetic field H, is 0.17 and 0.15
gauss, respectively. We will return to a discussion of
these curves in Section VI.

The pulse durations required depend of course on the
particular application being made. If measurements of
the decay time of the transient is desired and if
inhomogeneity effects are unimportant the pulse length
must be of the order of T’ or longer. If measurements
are to be made of the relaxation time 7T the pulse
should last until the transients have ceased i.e., for a
time long compared with T, (the effect of inhomogeneity
on these considerations is discussed in Section VI).

IV. MEASUREMENT OF THERMAL
RELAXATION TIME

The pulse technique in connection with the transients
lends itself readily to a direct and straight forward
measurement of the thermal relaxation time T4, i.e.,
the time required to bring the spin system into thermal
equilibrium with the lattice. For example suppose that
the radiofrequency field H, is large enough to satisfy
the inequality

’YH1>>1/T2, i.e., B<<1, akl.

The solution of the Bloch equations which holds in this
case is given in the appendix. At resonance (6§=0) we
have for M,

wotennl Y]
o/ Mo=mq exp| ——( —+— )¢
ke AT

B—a

X (cos-r+ sinr)+0(a8). (18)

1 For a discussion of this effect of bridge balance see reference 3.
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Tf the pulse duration is sufficiently long compared with
the damping time 27,T/(T1+T5), the ultimate value
of M, will be very small compared with M,. That is to
say, the sample will have become nearly completely
demagnetized. During the interval between the end of
one pulse and the start of the next the sample will
regain some magnetization because of the relaxation
process. If, then, moM, is the value of M, at the start
of a pulse we shall have

19)

mo=1— G_T/T!,

where T is the time between pulses.

If m, has a substantial value, i.e., if my~1, then from
(10) it is evident that the initial amplitude of v will be
closely proportional to m,. Thus by observing the
dependence of the initial amplitude of » on the time T
between pulses and making use of (19) the quantity T,
can be directly measured.

V. MEASUREMENT OF T,

The quantity 7, is a measure of the time required for
a nuclear spin to become disoriented as a result of
interactions with neighboring nuclei or with paramag-
netic ions. This quantity can be measured by its effect
on the damping of the oscillations in ». From Eq. (5)
we see that this damping time 7 is given by

1/To=3(1/T1+1/T>) (20)
at resonance.

Inhomogeneities in H; or H, can also give rise to a
damping of the oscillations in v. If these effects are
unimportant, T can be directly found from (20) once
T, is known. In many cases T1>>T; and a knowledge of
T, is unnecessary. The effect of inhomogenities is con-

sidered in the next section.

V1. EFFECT OF INHOMOGENEITIES IN H, AND H,

The most important effect of inhomogeneities in H,
or Hy is the resultant distribution of nutational fre-
quency (see Eq. (17)) over the sample. The signal from
the whole sample can be regarded as due to a super-
position of signals from the several parts of the sample,
each part being in an essentially homogeneous field.
Signals from the several parts will differ somewhat in
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frequency because of the variation of wo=vyH, over the
sample. Since they start out all in phase the initial
integrated amplitude is large, but after a few oscilla-
tions phase differences develop which damp the re-
sultant signal.

Consider first the effect of an inhomogeneity in H;.
The frequency of oscillation of » (nutational frequency)
at resonance is yHi/2w. Consequently an inhomo-
geneity in H; of order AH, may be expected to result
in appreciable damping in a time of order 1/yAH,.

The effect of inhomogeneity in H, is somewhat dif-
ferent, however, since the frequency of oscillation does
not depend on H, at resonance. In fact from (17) the
angular frequency is

Q= (vVH+ (vyHo—w)?)

Thus if H, is large compared with the inhomogeneity of
H, there will be relatively little variation in @ over the
sample. Investigation in fact shows that if a gaussian
distribution in H, is assumed with full width at half
maximum of AH, the signal resulting at resonance after
integration over H, will be: (it is assumed that <1 and
that (HI/AH0)2>>1)

—my
Me————— ¢ Tosin(yHit+¢), (21)
(1+4@¢/Tw)* ]t
where T is the natural damping time (Eq. (20)),
5.6H,
H™ y (22)
v(AH,)*

and ¢ is a slowly varying phase factor.

It is apparent from this expression that if (as
assumed) H;>>AH, we shall have Ty>1/yAH,. Con-
sequently the damping due to H, can be made negligibly
small for H, sufficiently large. Furthermore, it does not
appear that this general qualitative result depends on
any special assumptions of the Bloch theory.

Of course it does not pay to increase H, indefinitely,
but only until the effect of inhomogeneity in H, is about
that of Ho. By concentrating the sample near the center
of the r-f coil the inhomogeneity in H, can be con-
siderably reduced at the expense of signal strength. It
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would seem in fact that the effects of inhomogeneities
can be reduced to the point where very much larger
values of T, can be measured than can be found by
line-width determinations.

This possibility has not been completely explored as
yet. However, if we consider the observed damping in
the case of distilled water (Fig. 5) it appears that the
signal has been attenuated by about 25 percent in a
time of 10~2 second. In this case since Ty and T’ are
known'® to be long compared with 1072 sec. all the
observed damping must be attributed to inhomo-

400.n. 4000

+250V

GATE 646

1 | r

Fic. 2. Twin-T network used to pulse-modulate the
radiofrequency power.

geneities. The actual inhomogeneity in H, in this case
was found by a measurement of line width in the con-
ventional manner to be 0.03 gauss. This gives for
1/vAH, a value of 1.2)X1073 sec., a time very much
shorter than the observed damping time. On the other
hand the value of Ty (Eq. (22)) is 5X 1072 sec. A value
of Ty as large as this would not produce appreciable
damping in a time of 10~ sec. according to Eq. (21).
Thus, it would appear that most of the observed damp-
ing in this case must be attributed to inhomogeneity in
H,. This conclusion is strengthened by the observed
fact that an increase in H; resulted in a shorter damping
time contrary to the expected result if inhomogeneity
in H, were responsible for the damping. Further
evidence is provided by the marked increase in damping
off resonance. This effect is discussed in Section VIII.

The damping in the case of glycerine (Fig. (4)) is
seen to be considerably greater than for water, the
extra attenuation being evidently due to natural
damping. By comparing'® the damping for glycerine
with that for water for the same values of H; and H,,
we have obtained a value for the natural damping time

15 Bloembergen et al. (reference 3) find T1~2 sec. and predict
that TQNT 1.

16 This comparison is possible since the two samples were
located in the same position relative both to the magnet and to
the radiofrequency coil,
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for glycerine at room temperature of

1 1\
T0=2(———+—) =1.1X10"2sec.

1 T2

The theory of Bloembergen ef al.? leads to the conclu-
sion that T,~T in this case. This assumption together
with their experimental value of 7', at room temper-
ature is in reasonable accord with the observed value
of Ty. We cite this datum not for any particular
intrinsic interest but rather as an illustration of the
potentialities of the pulse method in the measurement
of abnormally large values of 7.

The conventional method for the measurement of 7'
by line width observations, assuming our inhomogeneity
of 0.03 gauss, would be limited to values of 7, less than
about 1073 sec.

It is interesting to note that the effects of inhomo-
geneities can in a sense be suppressed in certain cases
even if H, is smaller than the inhomogeneity in H,. If
for example Ty~T, and both T, and T, are sufficiently
long (e.g., as in distilled water) so that 8«1 and o<1
even for Hy<AH,, the resultant signal to be expected
can be obtained by integrating (see Eq. (5))

mo
(14-6%)*

over 8. The resultant signal will be

—v/my= e 7 sin(1+62)4r

5= f " 6)f(0)de,

—a0

where f(8)dé gives the distribution of § over the sample
due to inhomogeneity. In this case f(§) varies slowly
compared with v and

— 0,/ M ~7f(0)moe=P"J o(7),

where Jo(7) is the Bessel function of order zero.

The fact that the natural decay (¢7#7) is exponential
while the decay due to the inhomogeneity given by the
Bessel function Jo(7) is slow (7—1) permits their separa-
tion and the evaluation of 8 and hence of Ts.

VII. SENSITIVITY

It was mentioned in the introduction that con-
siderably greater signal strengths are available in many
cases from the transient than from the steady state
resonance. On the other hand, the band width of the
amplifying and detecting circuits are necessarily larger
for the transients because of their finite durations. The
ultimate sensitivity is determined by the ratio of
signal-to-noise power at the indicator. We first estimate
the amount of signal power available.

The tuned circuit of which the coil containing the
sample forms a part will be assumed to have an
unloaded quality factor Qo and an unloaded shunt con-
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ductance g. A change AV in the voltage across this
circuit gives rise to an available power of

(P.)y=(AV)*/16g. (23)

On the other hand if AV is caused by nuclear spin
resonance

AV=4nx"QoV=2xQw{(V/H), (24)

where V is the undisturbed pulse r-f voltage, x” =v/2H,
is the imaginary part of the nuclear magnetic sus-
ceptibility, ¢ is the “flling factor” of the r-f coil (see
appendix to reference 3) and v and H, have the meanings
assigned to them in Section II. In case H; is sufficiently
large so that yH>>1/T, and if the time between pulses
>T, v (see Eq. (10)) consists of a damped sinusoid with

initial amplitude of
| tm| = Moo= xoHo, (25)

T

# #
3 EEE

1,

fj ! [
INPUT OUTPUT

F1c. 3. Radiofrequency bridge circuit.

where x, is the static susceptibility given by

xo=NvI(I+1)h*/3kT, (26)

where N is the number of spins per unit volume, 7 the
nuclear spin, and 7 the absolute temperature.
The factor V/H, occurring in (24) may be found from
the definition of Q,:
Qo=wW/Py, (27)
where

W=(1/2m)H?V. (28)

is the energy stored in the tuned circuit, V. is the
effective volume of the coil and

Py=V?/2g (29)

is the power dissipated in the unloaded circuit. From
(27) (28) and (29) we find

V2/H12=chg/1rQo.
From (23), (24), (25), (26), and (30) we obtain

(30)

1
(P3)p=—5"QuV Ny IX(I+1)*h*ve®/R* T (31)
72

Here vo=w/2r=+vH,/2w. Comparing (31) with the
expression derived by Bloembergen et all” for the

17 Appendix to reference 3. We have put their factor 4 =1,
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F1c. 4. Proton resonance in glycerine (exact resonance).
Sweep time=0.01 sec., H;=0.17 gauss, »¢=9.0 mc/sec.

available signal power (P;)., in the modulation method
we find

(P3)p=16(T1/T*)(Ps)m. (32)

Here T.* is the line width parameter which is equal to
T, if the inhomogeneity in H, does not contribute to
the line width and is of order 1/yAH, if the inhomo-
geneity AH, is the major factor.

The factor 167,/T,.* in (32) can be interpreted as
arising in part from the fact that in the transient
tm=M, while in the steady state v,=3(T2*/T1)}M,
(Eq. (1)). This contributes a factor 47:/T,*. The re-
maining factor of 4 is accounted for by the fact that in
the modulation method the maximum signal occurs
half-way down the resonance curve and thus has an
amplitude of v/2.

The ratio of available noise power in the two
methods, assuming equal noise figures, will be simply
given by the ratios of the noise-band-widths, B, for the
pulse method and B,, for the modulation method:

N,/Nuw=B,/B. (33)

In the pulse method B, has an optimum value which
depends on the conditions of measurement. If for
example we are dealing with the case 8«1 and if the
band width is limited by a RC filter in the video ampli-
fier the optimum band width is about yH,/4. With this
band width the available signal power is reduced to
half the value it would have for a wide band and thus if
p is the ratio of signal-to-noise in the pulse method to
that in the modulation method we obtain in this case

p= (32T 1B,/ vH T:*). (34)

In this case it would be possible to adjust H; so that
if Ty~1 sec., p~1 for B, =% sec.”". Thus for T1~1 sec.
the sensitivity available is comparable to that of the
modulation method with a narrow band width am-
plifier.

Of course the comparison of signal-to-noise ratios for

F1c. 5. Proton resonance in distilled water (exact resonance).
Sweep time 0.01 sec., H1=0.15 gauss, »o=9.0 mc/sec.
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the two methods is only qualitative at best because of
the different methods of presentation. The actual com-
parison of sensitivities in thie two cases is controlled to
a considerable extent by psychological factors which are
difficult to assess.

For example: according to (31) the signal strength in
the pulse method does not improve if T is decreased
by the addition of a paramagnetic catalyst. Actually,
however, the sensitivity does improve somewhat with
short T since the larger pulse repetition frequencies
which become possible in this case permit visual inte-
gration of noise.

A further improvement in sensitivity at the expense
of some distortion can be obtained by using after the
detector a tuned amplifier tuned to the frequency
vH,/2x in place of the low pass video amplifier.

VIII. OTHER FEATURES AND LIMITATIONS

In Figs. 6 and 7 the appearance of the oscillations in
v in glycerin is shown somewhat off resonance. Other-
wise the conditions are the same as for Fig. 4. The steady
magnetic field is displaced off resonance by 0.21 gauss
in Fig. 6 and by 0.51 gauss in Fig. 7. As expected from
the theory the frequency of the oscillations has in-
creased following the theoretical formula (17).

The attenuation has markedly increased from reso-
nance to 0.2 gauss off resonance. This effect which is
also observed in the case of distilled water cannot be
explained by the theoretical variation of the attenuation
constant as given by Eq. (8). In the present case T1~T}
so B~a and b should be nearly independent of é. Even
in the extreme case of =0, there would be at most a
factor of two between the attenuation time on and off
resonance. The observed increase can be accounted for
on the basis of the inhomogeneity effect discussed above.
Off resonance the dominant term in the expression for
the nutational frequency is yH,—w rather than vH; and
the inhomogeneity in H,, therefore, exerts a relatively
strong effect on the damping. On this basis it would be
expected that once yHy—w>+vyH, a further increase in
(yHo—w) would not greatly affect the damping time.
This expectation is confirmed by comparison of the
damping in Figs. 6 and 7.

The proximity to resonance may be estimated by
observation of any one of three quantities (a) initial
amplitude, (§) nutational frequency, (c) attenuation
time. In the case of glycerin or water the attenuation
time is the most sensitive criterion. In the case of a
substance for which 7,<1/4AH this will probably not
be true, however. According to Eq. (10) the initial
amplitude should decrease in going off resonance in the
same proportion that the nutational frequency in-
creases. The nutational fréquency can, however, be
observed with much greater sensitivity than the am-
plitude and will probably be the most sensitive criterion
for proximity to resonance in case T<1/yAH. In
Figs. 6 and 7 the initial amplitude decreases faster than

TORREY

the nutational frequency increases because of the
action of a RC filter in the video amplifier.

According to Eq. (5) the angular nutational frequency
at resonance is

Qres= [72[112—%(1/7‘2_ 1/T1)2]*- (35)

If T,=T, or, in any case, if YH>>3(1/T,—1/T,) we
should expect that Q.e=+vH;. This prediction has been
tested and verified in the case of the water resonance.
There is a possibility that 1/T;—1/T; could be mea-
sured by means of Eq. (35). This could be done, how-
ever, only for small H, and in this case the nutational
period becomes large compared with the damping time
leading to a suppression of the oscillations.

It does not appear that the pulse method will be
useful in ascertaining the structure of resonance lines,
since the resolving power is in general somewhat less
than that of conventional methods.

In the search for unknown resonance the pulse
method should be useful because of its very fast
response. Its utility in this application is not vitiated
by the fact that ordinarily a time >7; must elapse
between pulses, since (¢) in this case relatively short
pulses which do not saturate the sample are permissible
and (b) in the act of searching no power is absorbed by
the sample until one is close to resonance. We have not
as yet attempted to exploit this application.
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APPENDIX

The Bloch equations (Egs. (2) of the text) with constant coef-
ficients are most conveniently handled by operational methods
making use of the Laplace transform:

fo)= fo ® f(r)ePdr.

The Laplace transforms of the Bloch equations are

(p+B)i+80=1uoMo,
—8i+(p+B)0+M.=vM,,

— 0+ (p+a)M.=aM/p+moM,
where @, 9, and M, are the transforms, and #oM,, v,M,, and
moMo, the initial values of #, v and M., respectively.

The solutions of (16) are
pA(p) i/ Mo=uop[1+(p+e)(p+8) 1+~ pmotuvs,
PAR)O/ Mo=uodp(p+a)+vop(p+e) (p+8)

(36)

’ —(atmop)p+8), [V
PAP)M o/ Mo=uodp+vop(p+B8)+(a+mop) [(p+8)*482],
where
A(p)=(p+a)(p+B)*+p+B8+8(p+a) (38)

is the determinant of the coefficients in (36).
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F16. 6. Proton resonance in glycerine. Conditions same as in Fig. 4
except that H, is displaced off resonance by 0.21 gauss.

If now we let w stand for anyone of the components u/M,,
v/Moor M;/M, it is clear that

w(p)=g(p)/pA(D), 39

where g(p) is a cubic form in p, different for the three components
4, 0, and M.. Now the equation A(x)=0 will have at least one
real negative root. Let this root be —a, then A(p) can be factored
into

A(p)=(p+a)[(p+b)*+5*], (40)
where it is not implied that s is necessarily real. The expression
(39) for w(p) can now be expanded in partial fractions:

A B(p+b)+C D

b(p)=—F "+ 41
)=t ot TP 1)

The inverse transform of this expression is
w=Ae %"+Be b7 cosst+(C/s)e>" sinst+D. (42)

The first three terms give the transient effects and the last
term the steady state. The coefficients A and D are given by

D=limpo[pw0(p)],
A=limpy o[ (p+a)w(p)].

The other coefficients are most conveniently found by applying
the initial conditions directly to (42). We find

D=¢(0)/a(b*+s5%), (43)
4=—g(—a)/a[(b—a)*+s*]. (44)

(a) for w=u/M,
B=—A+4+D4uy, C=aA~+bB—puo— v, (45)

(b) for w=1v/M,
=—(A+D)+vy, C=aA+bB—mo+duo—Puo. (46)

(c) forw=M./M,

B=—(A+D)+mo, C=aAd~+bB+a(l—mo)-+uvo. 47)

The time constants b and s are most conveniently calculated by
expanding (38) and (40) in powers of P and equating coefficients.
We find
2b+a=2B+a,
b2 +52+2ab=2af+p*+8+1,
a(B+57) =a(+8) +6.

With the aid of the last equation the expression for D becomes
D=4(0)/[«(8*+5)+B]. (49)

Substituting g(0) as obtained from (37) we find for the steady
state solutions

48)

(a) w=u/M, D=ad/[a(@+8)+8], (50a)
(b) w=1v/M, D= —af/[«(p*+8)+8], (50b)
() w=M./M, D=a(B?+8)/[«(f*+8)+B8]. (50c)

These agree with steady state solutions given by Bloch. The other
coefficients are more difficult to find in the general case since
they depend on the solutions of the cubic A(x) =0. However, there
are certain special cases in which this cubic has simple roots and
these cases are adequate to cover most conditions of physical
interest.

(a) If =0 (the condition for exact resonance) a real root of
A(x)=0is x=—8. Then

a=f (S1a)
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F16. 7. Proton resonance in glycerine. Conditions same as in Fig. 4
except that H, is displaced off resonance by 0.51 gauss.

and from (48)
b=3(a+8), (51b)
s?’=1—1(B—a) (S1¢)
The coefficients A, B, and C for the various components of mag-
netic moment are in this case (assuming %o=1o=0)

(1) w=u/Mo

A=B=C=0, (52)
@) w=o/M,
A=0, B=a/(1+aB), C=ala+B)/2(1+aB)—m, (83)
@) w=M./M,
A=0, B=mo—aB/(1+aB), (54)
C=(B—a)mo/2+a [1— f((;’:fg)].

(b) If a=pB (i.e.,, T1=T,) we again find as a root of A(x)=0,
x=—@. Thence

a=8, (55a)

and from (48)
b=8, (55b)
s2=1+48% (55¢)

We find for the coefficients 4, B, and C in this case (taking #o=1vo
=0).

(a) w=u/M,
A=—=56(1—mo)/(1+8),

(&
B_1+52(1+ﬁ2+6ﬂ ""’)’
C=—38/(14+6*+8),

(56)

(b) w=9/M,
A=0,

B=g/(1+8+8),
C=—mo+p*/(1+£+5%),

(57

(c) w=M,/M,
A=(+8)/(1+8+8),
B=(mo—p*/(1+82+8))/(1+8?),
C=8/(1+p*+8".

(c) A third special case of interest occurs when the radio-
frequency magnetic field H, is sufficiently large so that <1 and
B<K1. Since a<p the second of these conditions implies the first.
It is possible to evaluate the time factors @, b, and s under the less
restrictive condition f— a<1.

A real root of A(x)=0 can be extracted in this case as follows:
Putting

(58)

z=x+pB=B—a.
We find that A(x) =0 reduced to
z=(B—a)[1—1/(1+8+2%)].

It is evident that z<(8—a) and so if B—a<K1, 2K1 and by
iteration we find

e B BB BB =)
R R e e ULt 1}

For most purposes it suffices to include only the leading term.
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This gives
a=(B+ad?)/(1+8)+0[(B—a)*], (59a)
b=8—3(B—a)/(148)+0[(B—a)*], (59b)
st=148+0[(B—a)?]. (59¢)

For the coefficients 4, B, and C we find in this case (again taking
uo="10=0).

NAGLE, AND ZACHARIAS

(2) w=9/M,
48
A== (1+«sZ)2 ('"“ 62+B/a)+0(ﬂ3)’ 1
1 [(B—a)8mo 1)
- +az[‘——1 - +a]+0w3>,
= — 0@,
3) w=M./M,
__® 1+8
~ (M ) HO, 1
Bemo/(1+8)+08), ©2
C=a+myB—a)(3+26%)/(148)+0(B%).

(1) w=u/M, .
_ é 14-8%
A—‘l‘_+62( mo— 52+B/ )+ (52)y
mots
B=— {25t 0, (60)
5 [moB=—a)(3—8)
T et o]+,
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Atomic Beam Magnetic Resonance Experiments with Radioactive Elements
Na22’ K40’ CS]35, and CSI37*
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Modifications of the atomic beam magnetic resonance method for the determination of nuclear spins and
moments by observation of the hyperfine structure of atomic ground states are described which make it pos-
sible to work with very small quantities in samples with low concentrations. These modifications include the
analysis of the beam by means of a mass spectrometer while performing the resonance experiment. A new
source of beams of atomic alkali metals is described. The results are shown in the following tabulation:

Spin
Na2 3
Ko 4
Cst35 7/2
Cst37 7/2

TTEMPTS to compare the various forms of the
Fermi theory of beta-ray disintegration with ex-
periments usually meet with the difficulty that those
characteristics of the decay which make it possible to
observe the nuclear angular momentum directly are
just those characteristics which make the observation
of the energetics of the decay more difficult and less
precise. In particular, the long half-lives of C*, K*, and
Rb?” permit the use of large amounts of material in
observation of nuclear spin,? but the determination of
the shapes % of their beta-ray spectra, especially in the
low energy regions, is less reliable than could be
obtained with more active materials because of the
effect of scattering in the source. For tritium, on the
other hand, one can work with extremely active sources
because the radiation (beta-rays of less than 18 kev) is

* Preliminary reports of some of these results are given by
Luther Davis, Jr., Phys. Rev. 74, 1193 (1948), Phys. Rev. 76, 435
(1949), and D E. Nagle, Phys. Rev. 76, 847 (1949).

** This work was supported in part by the Signal Corps, the
Air Materiel Command, and the ONR.

1 F. A. Jenkins, Phys. Rev. 74, 355 (1948).

2 J. R. Zacharias, Phys. Rev. 61, 270 (1942).

3D. E. Alburger, Phys. Rev. 75, 1442 (1949).

4C. S. Wu and R. D. Albert, Phys. Rev. 75, 315 (1949).

h.f.s. Av Nuclear magnetic moment
mgc/sec. nuclear magnetons
1220.64 +0.04 1.746 £:0.003
1285.73 +0.05 —1.290 +0.005
9724 8 2.724 +0.010
10,126 7 2.837 +0.010

all absorbed by the containing vessel, but only recently
has the spectrum shape been observed.® It is therefore
desirable to develop a method for the observation of
nuclear moments which can be applied to more ener-
getic substances with shorter half-lives, since it is for
such materials that decay schemes and spectra can be
well studied. Preliminary calculations and experience
with K% indicated that the molecular beam magnetic
resonance method might well be applicable to radio
isotopes of the alkali metals because of the excellent
existing method of detection. The techniques described
in the present paper, devoted to Na%, K%, Cs'¥, and
Cs®, can be extended to other nuclear species with
some additional development. From the point of view
of radioactive decay, Na® has been most carefully
studied by Good, Peaslee, and Deutsch® and Cs*¥ is
being extensively examined by a number of workers
including Townsend, Cleland, and Hughes” and Mitchell
and Peacock.?

5G. C. Hanna and B. Pontecorvo, Phys. Rev. 75, 983 (1949);
Curran, Angus, and Cockcroft, Phil. Mag 40, 53 (1949)

“Good Peaslee, and Deutsch Phys. Rev. 69 313 (1946).

"Townsend Cleland, and Hughes Phys. Rev 74, 499 (1948).
8 A. C. G. Mitchell and G. L. Peacock, Phys. Rev. 75 197 (1949).



F16. 4. Proton resonance in glycerine (exact resonance).
Sweep time=0.01 sec., H1=0.17 gauss, »o=9.0 mc/sec.



F16. 5. Proton resonance in distilled water (exact resonance).
Sweep time 0.01 sec., H1=0.15 gauss, »o=9.0 mc/sec.



F16. 6. Proton resonance in glycerine. Conditions same as in Fig. 4
except that H, is displaced off resonance by 0.21 gauss.



F1c. 7. Proton resonance in glycerine. Conditions same as in Fig. 4
except that H, is displaced off resonance by 0.51 gauss.



