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An NMR technique capable of yielding measurements of polarization of highly
oriented *He gas without appreciably disturbing the state of nuclear orientation
is described. The nuclear polarization is determined through a measurement of
dispersive shifts in the frequency of the NMR oscillator as the magnetic field is
swept through resonance, rather than from the magnitude of NMR signals.

. INTRODUCTION

The polarization of a nuclear spin assembly (e.g., an
oriented nuclear target) is most commonly measured by
NMR techniques. The nuclear polarization is generally
computed either directly from the absolute strength of
the NMR induction signal or indirectly by comparing the
magnitude of this signal to that generated by some
standard sample of known magnetization. Polarization
measurements by either method entail at least a partial
depolarization of the spin system under investigation.
Generally the disturbance is tolerable because the time
taken to reestablish the nuclear polarization of nuclei
in conventional samples is relatively short. When the
spin pumping time is long, however, as is the case in
oriented 3He gas at high pressure,! the depolarization
induced by the process of measurement represents a dif-
ficulty that must be overcome. 1t is the purpose of this
article to describe an NMR technique capable of measur-
ing the polarization of oriented 3He gas without
appreciably affecting the state of nuclear orientation.
The technique rests on the use of dispersive jumps in
the frequency of an NMR oscillator, rather than on the
magnitude of induced NMR signals as in adiabatic pas-
sage methods, to provide a determination of spin
polarization. Although the results reported below were
obtained exclusively with polarized 3He gas, the natural
extension of the method to other spin species should
present no special difficulty.

il. ORIGIN OF THE FREQUENCY JUMP

For the purpose of our discussion it is sufficient to
consider the NMR oscillator as consisting of a parallel
L.C circuit, the inductance of which contains the NMR
sample, connected via an untuned high gain amplifier
in a positive feedback loop. In analyzing the effects
of nuclear resonance absorption on the electrical
characteristics of the NMR coil, it is conventionally
assumed that the spin assembly behaves as a passive
energy-absorbing system. As a general rule, this assump-
tion is valid since the energy dissipated in the NMR
sample is small in comparison with the energy avail-
able in the tank circuit of the oscillator. The effect of
resonant nuclear absorption is thus primarily viewed as
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decreasing the effective Q of the NMR coil. As the
external magnetic field is varied to sweep the resonant
frequency of the nuclei, the frequency of the oscillator
makes small but continuous excursions about the value
LC-V2, The situation is totally different when a sig-
nificant fraction of the energy generated by the coil is
absorbed by the spin system. Under those conditions
the high but not purely resistive loading of the coil by
the sample near magnetic resonance not only causes
appreciable dispersive shifts in the resonant frequency
of the tank circuit but can also bring about sudden
frequency jumps.

It is possible to estimate the value of polarization
for which frequency instabilities (significant shifts or
jumps) will first be observed in our *He NMR samples.
Through a conventional analysis of NMR absorption®
it is possible to show that the maximum change 8V in
the amplitude V of the voltage across the tank coil
due to nuclear resonance absorption is approximately
given by

|8V/V| = Q(hy*/Bw)(N/v)P, (1)

where & and y have their usual significance, Q is the
quality factor of the coil, N and v are the number of spins
and volume of the coil respectively, Aw is the full width
at half-height of the absorption line (assumed Lor-
entzian), and P is the nuclear polarization of the
sample. In our experimental arrangement in which the
parameters N, v, Q and Aw/27 have values of 1.4 x 0%
atoms, 120 cm?, 26 and 9.1 Hz, respectively, Eq. (1)
reduces to

lsv/V|=13.7P. 2)

For the conventional analysis to be valid and no
significant dispersive frequency shift to appear, the right-
hand side of Eq. (2) should be considerably below unity
and should certainly not exceed a value of approximately
0.1. Taking this as the value of |8V/V| determining
the onset of instabilities in the NMR oscillator fre-

" quency, we conclude that a 3He polarization in excess

of approximately 0.007, i.e., a value considerably
smaller than that which can usually be achieved in
optically oriented *He, will cause the frequency pulling
effects discussed above. This criterion for the onset of
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frequency instabilities is very approximately valid in
practice. We now proceed with a more exact treatment
of the frequency jump phenomenon.

The impedance Z(w) of the unloaded circuit is given
by

Z(w) = |Z(0)]| expljf(w)]. (3)
where 6(w) is the phase angle and Z(w) is given by
Z Y w) = joC + 1/(r + jol),

where r is the coil resistance. When the NMR sample is
introduced into the tank coil the inductance is modified
and may be written

L'(w) = L[1 + 4mmx(w)]. (4)

where 7 is the filling ratio of the sample and y(®) stands
for the conventional susceptibility of the gas. Writing
x(w) as [x'(w) — jx"(w)], the real and imaginary parts of
the susceptibility are given by

X'(w) = — @7’ hAw)pPl(0 — wp)g(w)

- (o+ wle)g(_w)] (5)
and
X"(w) = Qi h)pPlg(w) — g(-w)],
where g(w) is defined as
g(w) = (Aw27{ /(0 — wp)? + (Aw/2)*]}. {6)

Here p and wy are the gas density and the precession
frequency of the spin system, respectively. It is im-
portant to note that the function g(w) is not defined in
terms of the resonant frequency of the coil, which is
still unknown. It is expressed instead in terms of the
magnetic field H through wg; = yH and thus determines
through Egs. (5) the extent to which the impedance
Z(w) of the circuit is affected at the frequency w by the
presence of the precessing spin system. For any setting
of the magnetic field, the LC circuit oscillating fre-
quency is determined by the value of w at which the
phase angle 6(w) is zero.

The origin of the frequency instability is best
explained diagrammatically by referring to the curves of
Fig. 1. which illustrate the changes in the impedance
characteristics of the LC circuit as the external
magnetic field is swept across the resonance region.
These curves were computed from Egs. (3)-(6) for a
nuclear polarization of 5% using the values of r, L, C, and
n characteristic of our tank circuit, i.e., 3.35 £,
590 wH, 0.078 wpF, and 0.338, respectively. The
magnitude of the linewidth Aw/27 was determined from
absorption line-shape measurements carried out at low
polarizations where dispersive shifts are negligible,
and was measured to be 9.1 Hz. Figure 1(a) refers to the
impedance characteristics of the tank circuit when the
static magnetic field is set far from the resonance
region. Assuming that the NMR oscillator amplifier is
characterized by zero net phase-shift, we find that
oscillations will occur at the frequency w, (nearly
identical with LC~'?) since this frequency corresponds
to the zero of the phase-angle curve.
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Fig. 1. Frequency response of
both the magnitude |Z(w)| and the
phase angle 6(w) of the complex
impedance of the L.C circuit loaded
L with the NMR cell. for various set-
tings of the external magnetic field:
1A 9% (a) The field is set far below the
resonance value of H, = wy/y and
the zero of 8(w) is nearly equal to
w,. (b) the field H, is set slightly
(D) below H,, shifting the zero of Hw)
10 w,: the sharp dip is centered near
w, = vH,. (c) the field H, is set
slightly above H,, causing the phase-
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(a)
L L angle curve to cross the abscissa
9 o /ws three times; the frequencies ,
P2 2
wy N w’; and to the left of the center of the
b dip in \Z{m) near wy = yH.; (d)
() the field H, > H, at which the fre-

and w,’ lie respectively to the right
«d quency jump (w; — w,') Occurs.

Consider the situation when the external magnetic
field H, is set below the value H, = w,/y by an incre-
ment not exceeding a few NMR absorption linewidths.
Under these circumstances the coupling between the
precessing nuclei and the coil becomes significant. As
shown by the full curves in Fig. 1(b), the function
|Z(w)] now displays a prominent absorption dip near
w, at the location of the nuclear precession frequency
wg: in addition the monotonicity of the phase-angle curve
6(w) is broken by a distortion also in the vicinity of wy.
We note that the zero of 6(w) is now no longer coincident
with wy but instead is displaced to the right to the value
w, > wqy. Since this zero determines the instantaneous
resonant frequency of the LC circuit the frequency w,
represents the new NMR oscillator operating frequency.

Consider now the effect on the frequency of the NMR
oscillator of a small increase in external field strength
over the value H,. As shown by the dotted curve of
Fig. 1(b), this increase causes a further advance of the
perturbation ripple of the phase-angle curve to higher
frequencies and hence induces an additional positive
shift (to ,’) in the operating frequency of the
oscillator. Thus the NMR oscillator frequency continues
its climb. As the field is still further increased the
coupling between the NMR sample and the tank circuit
eventually becomes such that the #(w) curve is char-
acterized by multiple zeros, as illustrated in Fig. 1(c)
(corresponding to a field H.). Under these circum-
stances the determination of the instantaneous oscillator
frequency is no longer unambiguous but experimentally
it is found that the frequency at all times remains on
the high side of w; during the upward field sweep, i.e.,
the oscillator is mode-locked at w, in Fig. 1(c). On
the other hand, and as will be clarified below, oscilla-
tions occur on the low side of wy (at w,’) when the field
traverse is carried out in the opposite direction. The
dependence of the frequency on the external field thus
possesses hysteresis characteristics.

The concluding sequence of events leading to the
frequency jump is as follows. As the external field is
further increased a specific field value H, is reached
wherein the phase-angle curve is characterized by only
two zeros as is shown in Fig. 1 (d). Under these condi-
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tions the tank circuit barely oscillates at the frequency
w;. The slightest increase in the external field will
spontaneously force the system to oscillate at w;’ < w,
since this now represents the one and only zero of the
phase-angle function. The observed negative frequency
jump is thus

Af = (w3 — wy') 2. 7

The occurrence of the frequency jump is indicative of
the fact that the load-induced perturbation of the phase-
angle curve is situated wholly below the w-abscissa. In
contradistinction to the case illustrated in Fig. 1(b), it
thus follows that the unique zero of the 6(w) func-
tion now lies to the left of the |Z(w)|-load dip. This
indicates that the oscillator will now remain mode-
locked on the low frequency side of the load dip
until a new frequency jump condition is reached on
lowering the field. This new frequency jump will be
positive.

In view of the effect of the external field on the NMR
oscillator frequency the question which arises is whether
a state of exact resonance between the NMR sample
and the rf field is ever attained under any circumstance.
An examination of the magnitudes of the fields H,, H,
and H,in Fig. 1 indeed reveals that w, > yH,, w, > yH,
and w; > yH,, indicating that exact magnetic resonance
conditions could not have been achieved at intermediate
magnetic field settings in this particular situation.
Wider considerations do show that this conclusion is
general. Extensive computer calculations of the fre-
quency response of the LC tank circuit, spin loaded in a
variety of ways, as a function of magnetic field
strength indeed indicate that exact resonance between
the NMR sample and rf field is impossible so long as
frequency jumps do occur.

In the following section we shall present experimental
evidence to substantiate the arguments put forward
above. In addition we shall find it possible to relate the
magnitude of the frequency jump Af to the nuclear
polarization P.

ll. APPARATUS

The magnitude of the frequency jump Af obtained
from the low-level oscillator was related to the nuclear
polarization of the He gas by determining the magnetiza-
tion of the NMR sample by #/2 pulse spectrometry
immediately following the measurement of Af. A block
diagram of the apparatus used is shown in Fig. 2. The
NMR sample is wrapped with three independent coils
shown as L, L,, and L, connected respectively to the
tank circuit of the low-level oscillator and to the trans-
mitter and receiver of the 7/2-pulse spectrometer. The
two NMR spectrometers are kept uncoupled through
the judicious use of switches S, and §,. With S, closed
and S, open the low-level oscillator is operational.
With S, open and S, closed the pulsed NMR
spectrometer may be used. Because optical orienta-
tion of the *He gas is performed with high-power rf
light sources,® special care was taken to fit the NMR cell
and coils inside a metal can so that they could be oper-
ated in a rf shielded environment.

The low-level NMR oscillator is of the type described
by Robinson* and consists of an LC tank circuit
connected to the untuned wide-band amplifier A whose
output is fed into a limiter D. The limiter produces a
half-rectified signal output, independent of the tank
circuit voltage, which is fed back through a high-
resistance R, to the oscillator tank circuit. By making
R,sufficiently large, the feedback current provided to the

H
—>
Lo
L‘ y Ls 1: :
Fi1G. 2. Block diagram of apparatus J -
used to relate the magnitude of the fre- SZ MATCHING
quency jump to the *He nuclear polariza-
tion. A and D are the broad-band AMPLIFIER
amplifier and limiter of the NMR oscil-
lator; coils L, and L; are connected in 2 kH2 I \/ \ /
series with switches S, and S,, re- 4
spectively; the transmitter coil L, is PASSBAND [——| AMPLIFIER C, FOURTH
placed in series with the discharging FILTER HARMONIC
capacitor C,, itself connected to the FILTER
switching thyratron tube 6012; the wave-
forms shown on the right represent the r
shapes of the signals at the output of
each of the three stages preceding the r
input to the frequency counter. — [ WAVESHAPER
Q 1 PULSE l JUnAnn,
GENERATOR
- 60'2 FREQUENCY
COUNTER
+
mr
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LC circuit may be maintained both constant irrespective
of the impedance of the resonant circuit and as low as
is required. Amplifier A consists of five tube stages
providing a total gain of 3 X 10° over a bandwidth
spreading from 1 kHz to approximately 30 MHz. The
limiter circuitry closely follows that described by Robin-
son (also using a 6AK7 tube) and together with a feed-
back resistor of 15 MQ allowed stable oscillations at a
tank voltage amplitude of approximately 10 uV. As is
shown in the Appendix the magnitude of the oscillating
tank voltage is sufficiently low to leave the spin as-
sembly essentially undisturbed by one NMR passage.
Figure 3(a) shows a typical signal output from the
matching amplifier of unity gain connected in parallel
with the limiter D. The rectified signal has an amplitude
of approximately 3 V and a noise level of about 1/10 of
this.

The operating frequency of the NMR oscillator is
monitored by measuring the frequency of the fourth
harmonic component of the rectified output. This was
deemed necessary when it became evident that the
amplitude of the fundamental signal was too noisy
to provide a steady trigger for the frequency counter.
The fourth harmonic filter amplifier used to drive the
frequency counter consists simply of two tuned IF
stages connected in series; the IF coils are tuned to
93.5 kHz and provide a net passband of approximately
3 kHz. The wave-shaper consists of a straightforward
monostable multivibrator producing a rectangular
signal clipped at the top and bottom so as to minimize
the amount of noise signal getting through to the
frequency counter from the NMR oscillator.

The transmitter circuit of the 7/2 pulse spectrometer
consists of a thyratron (No. 6012) connected to a
resonant series L.C circuit composed of the rectangular
coil L, and a discharging capacitor C, of suitable
value. The transmitter delivers a one-half sine wave cur-
rent pulse generating a peak magnetic field of amplitude
VoF/wL,, where F and L, are the number of G-A~! and
inductance of the coil respectively, and V, is the
charging voltage of the series capacitor. Excellent #/2
pulses were obtained with a value of V, of 750 V and a
pulse length of 3.1 usec (L, = 14.5 puH) in a main field
of 8.4 G. The transmitter coil L, was sufficiently large
that the magnetic field produced by the pulse could be
considered homogeneous over the NMR sample. The re-
ceiver coil L, consists of 82 turns of No. 22-gauge
copper wire wound on a Lucite mount fitting tightly
over the NMR sample. It is connected directly into a
high-input-impedance variable gain amplifier which is
followed by a narrow passband filter (passband of 2
kHz), peaked at 27 583 Hz. The amplified voltage signal
induced in coil L; is displayed on the screen of an
oscilloscope which is triggered externally by the single-
pulse generator used to initiate the current pulse in L,.
A representative figure for the overall gain of the receiver
(including the amplifier and filter) used for the calibra-
tion runs was 10%. The gain was known accurately to
approximately 0.2%. Typical examples of induction
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(a)

(b)

©)

Fig. 3. (a) Signal at output of matching amplifier in Fig. 2. The
vertical scale is 1 V/div: (b) free induction decay signal in coil L,
following a /2 pulse in coil L,, the horizontal time base 20 msec/div:
the beats are caused by small field inhomogeneities in the sample
(as we have verified quantitatively); (c) initial part of signal shown
in (b); the horizonal time base is 50 usec/div.

signals displayed on the oscilloscope screen are shown
in Figs. 3(b) and (¢).

The electromagnet used to provide the static external
field has been described in detail in another publication.?
It produces a maximum field of about 10 G uniform to
approximately one part in 10 over a volume of some 25
liters. The magnet .current is stable to 5 parts/million
over a period of a few minutes and is monitored by
means of a manganin shunt and a digital voltmeter.
The power supply for the magnet is swept using a
potentiometer driven by a 115-V synchronous motor.

The polarization of the NMR sample is related to the
initial amplitude V, of the signal induced in pick-up
coil L, by the expression

V.IG = 2avuN(nma®)(1 — o)B(pP), (8)

where G is the overall gain of the amplifying electronics,
v is the precession frequency for which the pulse
spectrometer is tuned, N, is Avogadro’s number, p and
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location of the resonant frequency of the unloaded LC circuit. The
solid curve is calculated as explained in the text.

P are the density and polarization of the 3He gas,
respectively, n and a the number of turns and radius of
the pick-up coil, respectively, and « is the demagnetiza-
tion factor of the sample. The density p is computed
from the known temperature and pressure of the gas in
the NMR cell.® The quantity B is a correction factor
which accounts for the presence of magnetic flux in the
region bounded by the internal cylindrical wall of the
NMR cell and that of the pick-up coil. This flux, which
is generated by the magnetized *He sample, runs in
opposition to the nuclear magnetization and acts to re-
duce the amplitude of the signal generated in the pick-up
coil by the precessing nuclear magnetization following a
7r/2 pulse. Both the quantities « and 8 depend on the
geometry of the sample and have to be separately
evaluated. The demagnetization factor a was directly
interpolated from Brown'’s data” to have the value 0.208
(for a cell length-to-diameter ratio of 1.73). The factor
B was evaluated from the expression

B = z“ H,,-dS; + J Hom-doi]/

i ‘

S Beds. izt )
S

i i

Here H;, and H,, are the fields generated inside
the 3He sample and between the NMR cell and the
pick-up coil, respectively, by the oriented nuclei; S;
is the inner cross-sectional area of the cell at the loca-
tion of the ith turn of the coil, and o; is the cross-
sectional area of the gap separating the inside cylindrical
wall of the cell ‘and the pick-up coil. In the experi-
mental arrangement used, for which the quantity ¢ and
the inner radius of the cell were 2.16 cm and 1.71 cm,
respectively, the value of 8 was calculated to be 0.924,
certainly an important correction! Numerical evaluation

of Eq. (8) thus leads to
V./G = 3.86 X 10%pP, (10)

where p is expressed in amagats. We have used Eq.
(10) to relate the initial amplitude of the oscilloscope
trace to the corresponding *He nuclear polarization.
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IV. EXPERIMENTAL RESULTS AND DISCUSSION

As mentioned earlier, the essential aim of the experi-
mental work was the establishment of a quantitative
relationship between the magnitude of the frequency
jump Af and the absolute nuclear polarization P of the
3He NMR sample. A typical experimental run proceeded
as follows (refer to Fig. 2): Compressed 3He gas
previously optically oriented to a given nuclear polariza-
tion was introduced into the NMR cell at a density of
approximately 1 amagat (the procedure involved in this
step has been described in a separate work)®. Switch
S, was closed and the NMR oscillator frequency meas-
ured for a number of magnetic field settings lying both
below and above the value of the field for which the
frequency jump occurred. Switch S, was kept open dur-
ing this operation to prevent any loading effect of L,
on L,. The switches were then reversed and the mag-
netic field immediately increased to a value correspond-
ing to a resonant frequency of 27 583 Hz. This does
not alter the polarization of the gas but does increase
the accuracy to which it may be measured using the
pulsed NMR system. A single depolarizing /2 pulse
was then applied to L, and the nuclear polarization
was deduced from the signal induced in Ly using Eq. (10).
This established the correlation between one value of the
frequency jump and the nuclear polarization. By repeat-
ing this experimental run with gas samples previously
optically oriented to different nuclear polarizations
the dependence of Af on P was established. We now
elaborate on the results.

A typical variation of NMR oscillator frequency with
magnetic field is shown in Fig. 4. As the field is in-
creased from a low setting through the ‘‘resonance’’
region the oscillator frequency e shifts to values sig-
nificantly higher than the resonant frequency wy/2#
= 23 437 Hz of the unloaded LC tank circuit. At a field
strength of 7.2407 G there is a sudden drop in the
magnitude of w/27 from 23 480 Hz to 23 428 Hzor to a
value lying slightly below w,/27. On further increasing
the field the oscillator frequency tends again towards the
unloaded circuit value. This oscillator behavior is in ac-
cordance with that predicted in Sec. II. Following the
7/2-flip measurement of the magnetization, the polariza-
tion of the helium sample corresponding to Fig. 4 was
deduced to be 0.018. This set of measurements thus
establishes that a nuclear polarization of 0.018 at a
helium density of 1 amagat produces a jump Af of 52
Hz in the instantaneous frequency of the NMR oscil-
lator. The more complete experimental dependence of
Af on nuclear polarization, or more precisely on the
oriented spin density pP, of the 3He gas is shown in
Fig. 5. We note that this dependence is relatively strong
varying from 23 to 83 Hz for oriented spin densities
ranging from 0.005 to 0.03, respectively. Furthermore,
this dependence appears linear in the range of polariza-
tion densities investigated within the accuracy of the
experimental measurements. We estimate that the ex-
perimental points of Fig. 5 have a typical error circle
no larger than 6%.
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It is convenient to have an explicit expression for the
curve best fit to the experimental points of Fig. S.
This relation between p P and A fis linear and is given by

pP = (1723)(Af — 10), (11)

where p, P, and Af are expressed in amagats, percent,
and Hz, respectively. Equation (11) represents the
expression sought to deduce p P from a measurement of
Af. The range of validity of this relation will be discussed
below. The fact that the calibration curve, as expressed
by Eq. (11), does not extend through the origin may be
best understood by referring back to Fig. 1. For suf-
ficiently low values of pP, i.e., of the order of 0.1
amagat %, the tank coil of the NMR oscillator LC
circuit is negligibly affected by the precessing nuclear
magnetization of the *He sample. As a result, the *‘load
spikes’’ present in the impedance curve [e.g., Fig. 1(b)]
are reduced to such negligible magnitudes that the func-
tion &(w) develops no more than a single zero for any
setting of the magnetic field. The abrupt frequency jumps
Af are thus no longer observed for sufficiently low
values of pP.

Itis possible to compare the experimental data of Figs.
4 and 5 with that expected theoretically on the basis of
Eqgs. (3)-(6). In computing the dependence of the
oscillator frequency on the magnitude of the external
field for the conditions corresponding to Fig. 4 the fol-
lowing procedure was adopted: A value for the main
magnetic field H lying well below resonance was
selected. The quantity wg in Eq. (6), corresponding to
vH, was thus defined and the inductance L'(w) of
expression (4) evaluated as a function of . The phase-
shift function 6(w) was then computed from Eq. (3) and
its zero(s) determined. Since the traverse direction of the
magnetic field was assumed positive, the frequency of
the NMR oscillator corresponded to the largest com-
puted zero as explained earlier. The entire procedure
was then repeated for successively higher but closely
spaced values of H and the complete spectrum of
“largest’” zeros of #w), i.e., the spectrum of the
instantaneous oscillator frequencies, as a function of H,
for a polarization density pP of 0.018, was thus
tabulated. In these calculations the values assumed
for the parameters r, L, C, 1, and Aw/27 were those
given in Sec. II. The results are shown by the full
curve of Fig. 4. The agreement between the observed
and computed data is seen to be excellent. By repeat-
ing the above calculations for various values of the He
polarization density it is possible to compute the mag-
nitude of the frequency jump as a function of pP. The
results of these calculations are shown by the full curve
of Fig. 5. Again the agreement between the observed
and theoretical data is excellent. In fact the differ-
ence between the experimental best-fit curve given by
Eq. (11) and the theoretical curve is indiscernible in the
figure over the polarization density range for which Eq.
(11) was determined. Indeed the theoretical calculations
reveal that Eq. (11) is correct for a value of pP ex-
tending at least to 20 amagat %. The theoretical curve
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AH=2.8mG A

pP(Amagat-%)

Fig. 5. Dependence of the magnitude of the frequency jump Af
on the oriented spin density pP; the full curve is calculated for an
absorption linewidth of 2.8 mG, the dotted curves A and B are
calculated for linewidths of 3.0 and 2.6 mG, respectively.

further shows that, as mentioned above, no frequency
jump can be expected to be observed for values of
polarization densities smaller than approximately 0.2
amagat %. This is generally consistent with what has
been observed experimentally with several *He samples
of very low polarization.

The error associated with the theoretical curve of
Fig. 5 arises primarily from the uncertainty in the choice
of the intrinsic linewidth Aw appearing in Eq. (6). In
order to illustrate the sensitivity of the computed
curve to the choice of linewidth we have computed
an additional two curves for linewidths Aw/y of 2.6 and
3.0 mG, respectively. These curves are shown as dotted
lines in Fig. 5. According to these results it may thus
be claimed that the linewidth yielding the best theoretical
fit to the experimental data is given approximately by
2.8 £ 0.2 mG. As this is in good agreement with the
value of 3.0 = 0.5 mG determined from NMR absorp-
tion profile analyses, we conclude that the agreement
between the experimental and theoretical pP-vs-Af
curve is excellent within experimental error.
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APPENDIX: EFFECT OF MEASUREMENT OF
NUCLEAR RESONANCE ABSORPTION AND
FREQUENCY JUMP ON °He POLARIZATION

The maximum amount of energy E,, absorbed during
one traverse through resonance in a conventional NMR
experiment in which no frequency jumps occur is given
approximately by W, (w,/2m)[A H(dH/dt)], where W, is
the maximum energy dissipated per cycle in the spin sys-
tem (i.e., at exact resonance), dH/dt is the magnetic field
sweep rate, and AH is the absorption linewidth in gauss.
Using the conventional expression for W,,2 we find
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E, = (wV*/Hyw,Lv[1/(dH /dt) (2NuH,P),

where H, is the external field at resonance, L is the coil
inductance, and the other quantities have already been
defined in the text. In our experimental situation the
traverse speed is 6 X 107® G sec™! and the tank
voltage V is approximately 10 wV. The above equation
thus reduces to 7.0 x 10*2NuH,P). Since the quan-
tity 2NuH,P represents the energy required to de-
polarize the entire NMR sample, we conclude that less
than 0.07% of the sample polarization is destroyed dur-
ing a single NMR sweep. In a measurement which in-
volves frequency jumps, the depolarization is much less
than this because the nuclei are not swept through
resonance, but jump through it.
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