
The Quantum Origins of the Free Induction Decay Signal
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Experiments are described that elucidate the quantum mechan- dilemma thus: “The fact that the signal persists after the
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ical origins of the free induction decay voltage and of spin noise.
It is shown that the experimentally measured FID voltage induced
in a Hertzian loop receiving coil following a 90° pulse is typically
two orders of magnitude too large to be accounted for by the
current quantum theory of signal reception—coherent spontane-
ous emission. An experiment is then presented in which spin noise
is easily observed in a circuit with a Q-factor of order unity,
thereby undermining a popular hypothesis that such noise is due
to spontaneous emission and is only observable because of the
enhancement in the density of the radiation field in a high Q-factor
uned circuit, the NMR probe. Both the free induction decay and
he spin noise are shown to be accurately predicted by near-field
araday induction, which is described in the theory of quantum
lectrodynamics by an exchange of virtual photons. A heuristic
pproach to understanding the nature and role of virtual photons
n the signal reception process is then given. Thus current popular
tatements that observation of the magnetic resonance phenome-
on relies on the absorption and emission of radio waves are
hown to be wrong.

Key Words: coherent spontaneous emission; radiation damping;
pin noise; Faraday induction; virtual photons.

INTRODUCTION

Signal Reception

By the middle of the 20th century, the quantum theorie
matter and its interaction with radiation were well establis
(1). Thus with the discovery of NMR by Bloch and Purcel
quantum explanation of the voltage present in a receiving
was sought. However, such an explanation was not re
forthcoming. Bloch had described his observations in term
Faraday induction while Purcell saw his as absorption
emission of energy, and two initially had great difficulty
lieving that they were observing the same phenomeno
particular, describing the origins of the free induction de
caused significant problems, and as the proffered explan
of this phenomenon is still only well known to a handful
NMR physicists, we therefore begin by describing its orig

In a paper published in 1968, entitled “How does a cros
coil NMR spectrometer work?” (2), Macomber summarizes t
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diation from the transmitter ceases is . . .proof that neithe
absorption nor stimulated emission is involved.” He goes o
say: “It therefore follows that the signal produced in a cros
coil NMR spectrometer must be due to spontaneous emis
However, it must be a very strange kind of spontaneous e
sion: Bloembergen and Pound (3) computed the half-life of a
NMR excited state that one should expect to be associated
this relaxation mechanism. For a proton in a magnetic fie
104 oersteds [1 T], it turns out to be 1025 seconds—about 18

times the estimated age of the universe. This mechanism w
therefore produce a very feeble NMR signal indeed.”

[The probability of spontaneous emissionI 0 of a photon fo
a spin-1/2 magnetic dipole in free space is, in SI units,

I 0 5
m0v 0

3g 2\

6pc3 , [1]

wherem0 is the permeability of free space,v0 is the Larmo
frequency,g is the magnetogyric ratio,\ is Planck’s constan
divided by 2p, andc is the speed of light. However, there
nconsistencies between various authors in this and other
ions. Here, we use Abragam’s version (4) which yields 3.583
10225 at 1 T.]

Macomber goes on to describe a solution to this prob
realized by Dicke and described in a classic paper publish
1954 (5). Dicke had collaborated with Purcell and was w
aware of the latter’s work and his views that emission
radiation was behind the reception of the NMR signal6);
however, his two references to NMR are to Hahn’s work on
FID and spin echoes (7, 8), probably because here the tra
mitter is off when the signal is received. Dicke realized
spontaneous emission from a single nucleus in an ensem
“gas” of n spins could cause synchronous emission from o
nuclei, provided that the phases of the other nuclei’s w
functions were sympathetic. This is ideally so immedia
following the application of a 90° pulse to an NMR sample
a highly homogeneousB0 field, and Dicke termed the resultin
greatly enhanced emission “coherent spontaneous emis
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sample as

I 5
I 0n

2

4 S\v0

2kTD
2

, [2]

wherek is Boltzmann’s constant andT is absolute temperatur
his results in increased emission by a factor of the ord
011 for a 1-mL sample.
In the same year, 1954, Bloembergen and Pound (3) quickly

used Dicke’s discovery to explain radiation damping. T
considered the magnetic resonance experiment, with its u
a high quality factor (Q), tuned receiving coil to be analogo
to a coupled pair of circuits, a device that has since rece
considerable attention from theorists (9). They concluded from
classical induction calculations a` la Bloch that the characte
istic time constant of radiation damping was of the order
second, a far cry from 1025 s, and then asked rhetorically h
these two results could be consistent. They answered:
discrepancy is resolved by considering two factors. One i
coherence which exists between the individual proton s
the other is the increase in the density of the radiation fie
the tuned circuit over that in free space . . . . Themagnetic
radiation density in the coil of volumeVc of a resonant circu
is increased over the density in free space by a factor . . .:”

h 5
3pc3Q

v 0
3Vc

. [3]

(Again, we use Abragam’s formulation (4).) They go on to
describe how, in the presence of coherent spontaneous
sion, the damping time constant is now decreased by a fac
n. Then, by multiplying Eqs. [1] and [3] and the number
spins in the system,

n 5
}0Vm

g\
@sic#, [4]

here }0 is the equilibrium magnetization andVm is the
sample volume, plus a factor of1

2 to allow for the rotation rathe
than oscillation of the spin system, they arrive at the s
formula that was obtained classically and explain the
constant of the order of a second.

Notwithstanding the (self-canceling) mistakes in the art
this was a triumph and convinced most people that NMR s
reception was completely understood. It was due to coh
spontaneous emission in combination with the increase i
density of the radiation field caused by the tuned circui
turn, that increase produced radiation damping and thus s
to-noise ratio (S/N) and radiation damping were felt to
intimately connected. In truth, however, we must remark
Bloembergen and Pound’s paper, as beautiful as it is, pre
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predict the amplitude of the EMF induced in the receiving c
Returning to Macomber’s paper (2), written some 14 yea

after Dicke’s analysis, he ends by saying: “In conclusion, it
been shown that the crossed-coil NMR spectrometer
unique kind of instrument, operating not by absorption, s
taneous emission or stimulated emission of radiation in
usual fashion. Rather, the RF signal is produced by cohe
brightened spontaneous emission, due to the special
relationship between the magnetic moments of the nuc
Rosenthal (10) had a few quibbles with some of Macombe
statements (11), but Dicke had the final say (12), tactfully
concluding that both Macomber and Rosenthal were co
and there the matter has rested since. As a result, as co
nication has filtered down the academic ladder, NMR is alm
universally portrayed in the popular scientific literature an
the imaging community as being the absorption and emi
of radio waves.

Spin Noise

The issue of the enhancement in the radiation field caus
a high-Q circuit arose once again in the measurement of N
spin noise by Sleator and co-workers (13, 14). Bloch, in his
original full paper on nuclear induction (15), had remarked th
in the absence of an external RF perturbation, there shou
induced in a receiving coil a small noise voltage proporti
to n1/ 2m, wherem is the nuclear magnetic moment. Classica
this can be considered to be caused by the Brownian moti
the rotating frame magnetization. The bulk equilibrium nuc
magnetic moment vector executes a stochastic trajectory a
but very close to, thez axis, mapping out with time a Raylei
distribution in its projection on the rotating framex̃ỹ plane
The correlation time of the transverse component is, of co
T2, the transverse relaxation time, and the transverse co-
nent induces in the receiving coil a voltage at the Lar
frequency of randomly varying amplitude and phase with
relation time T2. Sleatoret al. observed spin noise at lo
emperature (4.2 K) with a sample in a resonant coil coupl

SQUID detector and associated its detection with spon
us emission enhanced by the highQ-factor (7320) of thei
ircuit. They obtained a radiated energy that is compa
ith the Nyquist noise power generated in a bandwidt
/pT2 Hz. In subsequent papers, Gue´ron and Leroy (16) and,

independently, McCoy and Ernst (17), showed that it wa
ossible to observe the noise at room temperature. Gue´ron and
eroy avoided speculation on the quantum origins of the n
hile McCoy and Ernst followed Sleatoret al.’s lead in linking

ts detection to spontaneous emission.
In the reception both of the free induction decay signal

f spin noise then, a widespread assumption is that spon
us emission, be it coherent or simple, is responsible fo
bserved voltage. The emission is then considered enhanc

heQ-factor of the receiving coil. The evidence offered lie
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184 HOULT AND GINSBERG
the absence of any other known mechanism, as describ
Macomber, and the comparability of received and em
energy. However, a series of experiments will now be
scribed that gives evidence that spontaneous emission is n
origin of either the FID or the spin noise voltage. We shall t
give heuristic arguments as to why the emission of vir
photons describes the origins of both voltages, thereby a
ing the difficult mathematics of quantum electrodynamics
is outside the scope of this journal. Finally, as a postscrip
in view of the controversial nature of the paper, a full desc
tion of the rather difficult, radiofrequency experimental de
will be given so that others may reproduce the results.

THE FREE INDUCTION DECAY

Results

In deference to Macomber, the cross-coil probe of Fig. 1
constructed for operation at 63.877 MHz in a 1.5-T imag
magnet. It utilizes two orthogonal Hertzian loops with a ba
doped water for a sample, and strenuous efforts were ma
ensure that the two coils were adequately decoupled (,280
dB) and that radiation damping was minimized. Unusually
significantly, the receiving loop (radius 50 mm) isuntunedand
operates via al/4 line into a low-noise preamplifier followe
by an oscilloscope, as indicated in the equivalent circuit of
2. A l/2 line is also attached across the loop gap and, o
end, various loading resistorsRv can be attached. In the figu
Rc represents the loss in the line,L 1 is the receiving co
inductance that is assumed for the time being to have negl
resistance, andRin is the preamplifier input resistance as tra-
formed by thel/4 cable.j is the FID voltage. The apparatus

FIG. 1. The crossed-coil probe inside its shield. The interaction bet
he two Hertzian loops is reduced by a balanced electrical constructio
xact orthogonalization with the aid of a plastic screw tilt adjustment.
ample is a ball of doped water. Coaxial cable connections to theuntuned
eceiving loop gap are through the inside of the loop and its support.
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extreme care taken to characterize and calibrate the rec
measurement chain is also described there. In not tunin
matching the receiving loop, the underlying design philoso
is to remove the enhancement factor of Eq. [3] provided b
high Q-factor of a tuned receiving coil or “cavity” and the
following a 90° pulse, measure the FID voltage across the
terminals under various resistive load conditions and com
it with theory. We expect that the measured voltageV in will
conform to the dictates of classical network theory; in o
words, it will be given by an induced EMFj attenuated by th
potential divider comprising the coil inductance and the e
tive resistanceReff:

Vin 5 j
Reff

Reff 1 jv0L1
; Reff 5 S 1

Rc
1

1

Rv
1

1

Rin
D 21

, [5]

here j 5 =21.
A plot of measureduV inu versus total resistanceReff across th

receiving coil confirms the expectation and is shown in F
for various resistance values. A weighted least-squares fit
standard deviations, conforming to Eq. [5], is shown by
dashed lines. The weighting function employed for the fit
the reciprocal of (dj/dReff)

2 1 (dj/dV in)
2. From the fit, the co

reactance was found to be 63.56 0.6 V, in reasonable agre
ment with the theoretical value of 676 2V (see Experiment
Details), given that a stray capacitance of only 1 pF
reconcile the two values. The amplitude of the EMF from
fit was found to bej0 5 0.6456 0.003 mV. The error estima
includes the effects of allowing the loop reactance to var
65V. However, the systematic uncertainty in the effective ga
the measurement system reduced the accuracy to60.008 mV.

Clearly and unsurprisingly, these seemingly mundane, a
difficult to obtain, experimental data can be fitted with g
accuracy by the electrical model of Eq. [5], viz. an EMF an
potential divider. However, and importantly, if this mo
which has been accepted for general electrical use for

n
nd
e

FIG. 2. The equivalent circuit of the preamplifier and the lines show
Fig. 1 when connected to the receiving loopL 1. The loss in thel/2 line is
represented byRc, while its terminating resistance isRv. The input impedanc
of the preamplifier as transformed by thel/4 line is Rin. The effective gai
from preamplifier input to oscilloscope screen is 16.1.
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185QUANTUM ORIGINS OF FID AND SPIN NOISE
than a century is correct, the voltageV in is present even if th
connections to the receiving loop are broken (Reff 3 ` in Eq.
[5] andV in 3 j) and the circuit is open. In this case of cou
the Q-factor of the “circuit” is zero,as is the enhanceme
factor of Eq. [3].Thus our task must be to explain the orig
of this EMF when there is zero beneficial enhancement o
radiation field by the receiving coil.

Theory

With the main magnetic fieldB0 in thez direction, conside
he electric fieldE generated at a distancer from a bulk nuclea
agnetic momentM rotating in thexy plane at Larmor fre
uencyv0. In SI units, the field is (18)

E 5 S m0

4pr 3D r 3 S @Ṁ # 1
r

c
@M̈ #D , [6]

herem0 is the permeability of free space and square brac
ndicate a retarded function with argument of the form (t 2
/c) wherec is the speed of light. The superior dots indic
ifferentiation with respect to time. There are two parts to
quation and it is well known that the first time derivative oM

s responsible for near-field Faraday induction while the se
ime derivative, or accelerative term, is associated with
adiation field. Let the Hertzian receiving loop have radiur 0

and assume that the NMR sample has negligible spatial e
so that it can be considered at the origin. As the diameter o
sample is considerably smaller than both that of the loop
that of the wavelength of radiation either in the sample o

FIG. 3. A plot of measured FID voltage amplitude at the preamp
nput versus total loading resistance across the receiving loop. The erro
oncern the estimated accuracies of measurements on the oscilloscop
resence of noise and of resistances at 64 MHz, and they do not inclu
ystematic error in the estimated gain of the preamplifier. This is s
eparately by the dashed lines surrounding the fit to the experimental da
olid line is the theoretical function predicted by classical electrodynamic
he bulk nuclear magnetic moment. The implication of the measureme
hat asReff 3 `, a constant EMF of amplitudej0 is present.
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which is addressed below. Then the electric field at the lo
in the loop’s plane and tangential and is given by

E 5 Sv0m0M

4pr 0
2 DS1 1 jv0

r 0

c DexpH jv0S t 2
r 0

c DJ . [7]

Now the radiusr 0 of the loop is such thatv 0r 0/c 5 0.045!
1. We may therefore expand the exponential in Eq. [7] to
order inr 0 with negligible error. Integrating around the loop
find the voltagej across its terminals, we then obtain

j 5 j0exp~ jv0t! 5 Sv0m0M

2r 0
DS1 1

v 0
2r 0

2

c2 Dexp~jv0t!. [8]

he first term in parentheses on the right-hand side of Eq
s the coefficient of the near-field Faraday induction and
ccord with the “Principle of Reciprocity” approach to NM
ignal-to-noise ratio calculations (19). It is the prototypica
xpressionv 0B̂1M—the angular frequencyv0 times the field

B̂1 5 m 0/ 2r 0 at the center of the Hertzian loop due to u
current and times the bulk nuclear magnetic momentM. The
adiation termv 0

2r 0
2/c2 modifies the expression but for o

experiment it is negligible, comprising only 0.2% of the to
To compare Eq. [8] with experiment, we must know

strength of the bulk nuclear magnetic momentM. Following a
90° pulse for a sample at equilibrium, it isM 5 mdn where the
proton nuclear magnetic momentm 5 g\/ 2 and dn is the
energy level population difference for a spin-1/2 nuclear
tem ofn components at equilibrium at temperatureT. g is the
magnetogyric ratio and\ is Planck’s constant divided by 2p. If
k is Boltzmann’s constant andT 5 295 K,

dn 5
n\v0

2kT
[9]

(4), and as the ping-pong ball water sample has a mass of
g, M 5 1.2893 1027 Am2. We assume that the radiusr 0 in

q. [8] is the average radius of the receiving loop, 50.15
This value may be a little in error as RF current typically flo
ore on the inner edge of a loop (19).) Substituting in Eq. [8

or the described conditions, we obtain a voltage ofj0 5 0.651
mV, in excellent agreement with the experimental resu
0.6456 0.008 mV. We therefore conclude that the FID sig
oltage in the open-circuit loop is overwhelmingly the elec
otive force associated with near-field Faraday induction.
xperiment also confirms the accuracy of the Principl
eciprocity approach to the calculation of NMR signal rec

ion when the dimensions of the receiving coil are sma
omparison to a wavelength. In this regard, it is possib
pply the principle to calculate the loss of signal strength

o B1 inhomogeneity. It is 0.13%, and the assumption m
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186 HOULT AND GINSBERG
is therefore justified.
We now turn our attention to a quantum description of si

reception. Our aim is to predict the measured EMF in
open-circuit receiving loop for which there is no enhancem
of any emission by virtue of a coupled resonator and
enhancing radiation field. We shall need to know the po
radiated by the NMR system. Consider the electric field of
[6] r 3 `. As is well known, only the radiation field with i
1/r dependency is of import and is given by the second pa
Eq. [6],

E 5 S m0

4pcr 2D r 3 @M̈ #. [10]

he field is tangential to the surface of the sphere of radr
nd employing the vector identity

~a 3 b! z ~c 3 d! 5 ~a z c!~b z d! 2 ~a z d!~b z c!,

hile remembering that the magnetic moment is in thexy
lane, we obtain for the magnitude of the time-averaged P

ng vectorP

P 5
^E z E&

Z0
5 S v 0

4m 0
2M 2

32p 2c2r 2Z0
D ~2 2 sin2u !, [11]

whereu is the declination of radius vectorr to thez axis, and
0 is the characteristic impedancem 0c of free space. Integra-

ing over the surface of the sphere to obtain the total rad
powerWe, we obtain

We 5
m0v 0

4M 2

6pc3 . [12]

This value is twice the well-known result for power radiated
anoscillatingmagnetic dipole (18), as befits arotating dipole.

or our experiment,We 5 1.07 pW.
Turning now to Dicke’s analysis of coherent spontane

emission (5), we may multiply Eq. [2] for the emission pro
ability by \v0 to find the radiated power. Using Abragam
expression from Eq. [1] forI 0, it may be shown to be exac
Eq. [12]. In other words, the quantum theory of cohe
spontaneous emission predicts the classically derived p
radiated as radio waves. Thus we have confirmed the acc
of Dicke’s work and, incidentally, confirmed that Abragam
expression for the probability of spontaneous emission i
correct one. However, it is now clear that coherent spontan
emission cannot be the origin of the FID signal, for the c
tribution to that signal from the radiative term in Eq. [8]
negligible (0.2%). It is stressed that no mistake has been f
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comber in assuming that they were applicable to the NMR
induction decay. Given that, to this day, spontaneous
stimulated emission are still the cornerstones by which
production of photons are understood, the assumption i
surprising. However, the unavoidable conclusion must be
photons produced by spontaneous emission, albeit coh
cannot be the source of the NMR free induction decay.

SPIN NOISE

Theory

We now turn our attention to the origins of spin no
Sleatoret al. (14) were careful not to claim that spontane
emission was thecauseof spin noise, but in the presum
absence of any other mechanism, a common interpretati
their paper is that such emission, coupled with radiation
amplification by a high Q-factor,is responsibe. However, if
is possible to observe spin noise in the absence of a
Q-factor, this interpreation must be in doubt. In particula
classical electromagnetic theory indicates that a random
age due to spin noise is present in an open-circuit coil, so
the amplification factor of Eq. [3] is zero, then unenhan
spontaneous emission, with its incredibly low probability, m
be dismissed out of hand. Thus our aim in this section is t
whether it is possible to devise an experiment where spin
can be observed in the same manner that we obser
FID—with a high input impedance preamplifier connec
directly to a receiving coil and with the implication that
noise voltage is still present in the coil even if it is open-circ

A standard way of approaching the calculation of any n
phenomenon is the Fluctuation Dissipation theorem, whi
an application of the Principle of Reciprocity. We expand h
on the approach used by previous workers (13, 14, 16, 17) but
quote Helstrom’s book on stochastic processes (20): “When-
ever a mechanism exists by which coherent energy is conv
to heat,that same mechanismmanifests a randomly fluctuati
force when the system is in thermal equilibrium, and
spectral density of that force is proportional to the same
stant as determines the rate of conversion of work into h
(our emphasis). In other words, if application of a voltage
coil causes a current to flow, that produces anearmagneticB1

field, which causes the NMR system to absorb energy, w
is subsequently turned to heat; then a random EMF mu
induced in the coil by the same mechanism—by a near
netic field, i.e., Faraday induction. Thus the Fluctuation D
pation theorem, which is proved in detail by Helstrom, g
theoretical cause for belief that spin noise is a near-field
nomenon, for theB1 field used in a typical CW saturati
experiment is certainly near-field. Sleatoret al. (14) and Mc-
Coy and Ernst (17) invoked the mathematics of the theory
the guise of Nyquist’s formula, as we are about to do, bu
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187QUANTUM ORIGINS OF FID AND SPIN NOISE
expressed by Helstrom.
To apply the theorem, we consider a continuous wave

periment in which a coil produces an alternating, near mag
field of amplitudeB̂1 in the x direction when current of un
amplitude at frequencyv is passed. Let a current of amplitu

0 at that frequency be applied continuously and let there
the coil a sample of bulk equilibrium nuclear magnetic mom
M 0. Then the field in the rotating frame isi 0B̂1/ 2 and if we

efine the field to be along theỹ axis, the equilibrium solutio
f the Bloch equations for the magnetic moment in the rota

˜ ỹ plane is (4)

M̃x 5
0.5gi 0B̂1T2

1 1 ~DvT2!
2 1 0.25~gi 0B̂1!

2T1T2
M0 [13]

M̃y 5
20.5Dvgi 0B̂1T2

2

1 1 ~DvT2!
2 1 0.25~gi 0B̂1!

2T1T2
M0, [14]

whereDv 5 v 2 v 0, T1 is the longitudinal relaxation tim
and we have assumed right-hand rotation. The amplitude
Faraday voltage induced in the coil by the precessing nu
magnetic moment, neglecting the tiny radiative contribu
is, from Eq. [8],

j0 5 vB̂1~M̃x 1 jM̃ y!, [15]

nd by Ohm’s law, the effective impedance that the N
ample creates in series with the coil’s impedance is

Zn 5
j0

i 0
5

0.5vgB̂1
2T2~1 2 jDvT2!

1 1 ~DvT2!
2 1 0.25~gi 0B̂1!

2T1T2
M0. [16]

Hence,

Limit
i030

@Zn# ; Rn 1 jXn 5
0.5vgB̂1

2T2

1 1 jDvT2
M0 [17]

and the effective resistanceRn is the absorption part (appr-
priately) of a Lorentzian. As the energy stored by a magn
momentM in a field B0 is 2B0 z M , an alternative way o

eriving the real part of Eq. [17] is by considering the po
bsorptionW

W 5 2B0

dMz

dt
5 2B0

~Mz 2 M0!

T1
, [18]

where we have used one of the Bloch equations and
continuous wave equilibrium expression forMz (4) must be

pplied.
Now the spectral density function of the received noise E
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in other words, Nyquist’s formula (20). Using Eq. [17] for the
NMR resistanceRn and Eq. [9] to find the equilibrium bu
nuclear magnetic momentM 0, we have

S~v! 5 ~v0B̂1m! 2n
2T2

1 1 ~DvT2!
2 , [20]

where we have setv 5 v0 with negligible loss of accuracy a
remembered thatm 5 g\/ 2. Integrating over frequency d
ferenceDv, we may find the root mean square noise in the
domain. It is (20)

NNMR 5 FE
0

`

S~v!
dv

2pG 1/ 2

5 v0B̂1mÎn [21]

nd Bloch’s insight (15) is validated. However, once again
ave thev 0B̂1 multiplier that is characteristic of Farad

induction and the Principle of Reciprocity. By the Cen
Limit theorem (20), the equation can be construed as re
senting the induced RMS Gaussian noise fromn units (n @ 1)
of a quantity having a variance ofm2, which implies discret
values of6m rather than a distribution. In other words,
nuclear spin is quantized in the rotating frame transverse p
Note that with this approach to the calculation of the noise
quantization in the transverse plane is forced upon us
direct consequence of the formulation ofM 0, which is from
quantum statistics. Moreover, it would appear that we
calculate the quantized voltagev 0B̂1m from a single nucleu
and simply multiply by =n to obtain the full spin nois
oltage! A justification for this heretical viewpoint will b
iven later.
Having obtained simple formulae for the noise, we m

ow determine whether the latter is sufficiently large to be
ithoutQ-enhancement. Field effect transistors operating
Hz can have superb noise figures when working fro

ource of resistance;1 kV, and by scrupulous attention
detail, noise figures of under 0.5 dB can even be obtained
source resistances as low as 50V. In other words, it is possib
for the preamplifier to add less than 6% extra noise to
generated by a 50-V resistor at room temperature. Thus
aim must be to generate a receiving coil and sample that
on resonance an NMR resistanceRn that is at least 50V, so tha
we can be sure that any spin noise spectrum we obtain
the result of stimulation of the NMR system by current n
from the preamplifier. From Eq. [17] it follows that we m
maximize the on-resonance resistance:

Rn0 5 0.5v0gB̂1
2T2}0Vs, [22]

where Vs is the sample volume and}0 is the equilibrium
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188 HOULT AND GINSBERG
most efficient receiving coil. TheB1 field at its center due
unit current is given by (21)

B̂1 5
m0N

2
~a2 1 g2! 21/ 2, [23]

hereN is the number of turns,a is its radius, andg is its
half-length. Now the length of wire on a solenoid for effici
operation well below self-resonance should not exceed rou
l/20 (22), wherel is wavelength. Thus we setN 5 c/ 20av 0.
Remembering that the magnetization}0 is proportional to
frequency, it follows that the resistanceRn is now roughly
independent of frequency. Hence we should work at a lowB0

field strength to maximize absolute field homogeneity
with it, the maximum value ofT2 that can gainfully be use
(Note that Eq. [22] is independent ofT1.) Setting the effectiv
volume of the sample to approximately 2pa2g, we may se
from Eqs. [22] and [23] that the NMR resistance is prop
tional to g/(a2 1 g2). Thus the solenoid should be equa
length to its diameter and assmall as possible. Evaluation

q. [22] at 64 MHz, with 20 turns of wire covering 5 mm
5-mm diameter with water as a sample, shows that a

ance of the order of 50V can be reached if a linewidth
nder 2 Hz can be attained. (The calculation is only accura
ay,620%, as we have accommodatedB1 field inhomogeneit

by making the effective sample volume that of the coi
necessary, a computer simulation can give a more exact v

The inductance of such a solenoid is given by the Nag
formula (23) as 1.6mH and, thus, with an anticipatedQ-factor
of the order of 100 (22), its impedance at 64 MHz may
predicted as roughly 61 j550V. Thus the resistancer c of the
coil is not an obstacle to accurate spin noise measuremen
the reactance is, even though it generates of itself no nois
the following reason. The standard noise equivalent circu
an RF preamplifier (24) (considered further under Experime
al Details and shown in Fig. 10b) contains both a noise vo
ourceVn and a constant current noise sourceI n which may be

partially correlated. For a preamplifier optimized for 50V
usage with a noise figure of 0.5 dB, a typical value for
current source is easily shown to be 3 pA/=Hz (voltage an
urrent correlated), which would therefore generate abou
V/=Hz acrossj550V. Unfortunately, the noise from a 50V

resistor is only about 1 nV/=Hz, and this would therefore b
asked by the voltage created by the current noise. It fol

hat unless we can obtain a preamplifier with an impossibly
oise figure, we have no option but to cancel the induc
eactance with aseriescapacitance. We should then be abl

connect the combination to the preamplifier and detect the
noise directly, secure in the knowledge that the current no
contributing only a small fraction of the observed noise pe
the Larmor frequency. However, in being forced to us
capacitor between the coil and the preamplifier, rememb
t
ly
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of the order of 500V, we will have made a very low-Q (;1)
tuned circuit, which we would really have preferred to h
avoided.

Results

The receiving coil described above was built with nomin
zero-susceptibility wire (albeit with a length of 6 mm, no
mm, to minimizeB0 field inhomogeneity caused by resid
susceptibility) as shown in Fig. 4, on a 5-mm NMR tube
used with a homemade shim set. A linewidth of 1.8 Hz
obtained, with the sample unspun. Full details are given u
Experimental Details. A CW experiment was then perfor
to determine the coil and NMR resistancesr c andRn. Essen-
tially, a known current was passed through the coil and
voltage across the latter was measured. Well off resonanc
resistancer c was found to be 8V, considerably less than t
desired NMR spin noise resistance of 50V. On resonance,Rn

was found to be 656 4 V, in good agreement with the theo
above, considering that the effects ofB1 inhomogeneity hav
only been crudely accommodated and thatT*2 rather thanT2

described the transverse relaxation. The same preamplifi
before was used and the noise figure, with cables and tran
receive switch attached, was found to be 0.7 dB. (The sw
was used for setup purposes only and the transmitter
disconnected during noise measurements.) Thus 92% o
noise measured from a 50-V resistor at room temperature w
still from the resistor itself and we would expect a sim
proportion to hold for the NMR spin noise too. (The remain
8% is from voltage noise in the preamplifier and current n
“driving” the resistor or NMR system.)

The coil and its tuning capacitor were temporarily repla
by a set of resistors (10–100V) and their noise spectr
densities, over a bandwidth of 1 kHz with a resolution of 0.
Hz, were now measured. The spectral density function
example of which is shown in Fig. 5a, provided a calibra
(noise vs resistance) of the spectrometer. The increase t
the Nyquist frequencies is caused by the poor spectrom
filters, which permitted aliasing. The spectral density func
of the spin noise was also measured and is shown in Fig
and 6. Proof that there was no coherent component t
spectra is given under Experimental Details. Averaging
spectral baseline in Fig. 6, the background resistance due
coil is 9 V, as may be seen from the plot’s calibration lines
good agreement with a network analyzer measurement oV
and the value from the CW experiment above. The p
resistance, the sum of the coil and NMR resistances, is 716 3
V. Thus the NMR resistance of 626 3 V obtained from a spi
noise measurement is in good agreement with both theor
the CW measurement.

We have viewed spin noise in the absence of a highQ-factor
circuit and in good agreement with a theory derived f
near-field considerations. The implication of the experime
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189QUANTUM ORIGINS OF FID AND SPIN NOISE
that the noise voltage is an EMF that is present even i
preamplifier is detached and the receiving coil is open-cir
It is then inconceivable that spontaneous emission could
such a voltage. We considered repeating the measurem
the spin noise spectrum with various loading resistances a
the receiving coil in order to emulate the philosophy use
determining that the FID signal was a near-field electromo
force. However, given that we had essentially already pl
an arbitrary resistance across the coil (the preamplifier
cables), we felt that this heavy labor would add little n
evidence to that already provided by the agreement bet
theory and experiment.

RADIATION DAMPING

It is tempting now to turn directly to the proposed origins
the FID and spin noise—virtual photons. However, it is
important to clarify why Bloembergen and Pound were ab
predict “radiation” damping so well and to examine the orig
of a supposed link between the latter and signal-to-noise
Considering a pulse experiment on anaveragespectromete
(not our special instrument) and invoking the electrical e
neering topic of network theory, an electrical network of so
sort typically links the receiving coil to the preamplifie
active device, say a FET. Lookingfrom the preamplifier to th
coil, the network’s purpose is to transform, with as little e
resistance as possible, the source impedance (the coil rea
and its resistance) to that value which allows the preamp

FIG. 4. The spin noise probe and its equivalent circuit. Note the ab
The tube of water and a circular printed circuit board are mounted in a

t the sample. Once the two halves of the cylinder have been mated, t
e
it.
se

t of
ss

n
e
d

us

en

f
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o
s
io.

i-
e

nce
er

to deliver its optimum noise figure (24). In this process th
EMF induced in the coil by the NMR sample is also tra
formed, in accord with the conservation of energy. (A strai
forward analysis of the standard noise-equivalent circuit g
in Fig. 10b will confirm that there is an optimal source re
tance for bestS/N.) However, at any one specific frequency
matter how complicated the noise-matching network ma
(tuning and matching capacitors, lines, etc.), by The´venin’s
theorem (25) a terminated network may be considered a si
impedance. Thus the schematic of Fig. 7 summarizes
networkwhen looking from the probe to the preamplifier.Here,
we have assumed that the input impedance of the pream
is resistive. Note that the forward and reverse transforma
of a network are not necessarily symmetrical. The forw
impedanceZTh may well, to high accuracy, be capacitive w
negligible resistance such that the inductance of the rece
coil is cancelled. Two limiting cases are then of import: w
RTh @ r c and vice versa. In practice, the coil inductance
not be fully cancelled and an intermediate value ofRTh is
usually obtained, although it is important to realize that
value of RTh is under the control of the circuit designer t
considerable degree.

RTh @ r c, Reactance Annulled

Clearly, when an EMF is induced in an open-circuit
(RTh3 `), no power is dissipated. As soon as the preamp
and any intervening network are connected to the receiving

ce of parallel tuning, the grounded variable capacitor being in series w
xiglas” cylinder. The board is distant from the coil to reduceB0 field perturbation
whole is mounted in a shielded shim set. A linewidth of 1.8 Hz was ob
sen
“Ple
he
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190 HOULT AND GINSBERG
though, the power dissipated immediately following a
pulse is

Wd 5
j 0

2

2RTh
5

~v0B̂1M0!
2

2RTh
; RTh @ r c, [24]

where the factor of 2 in the denominator is present becaus
amplitude of the EMF has been employed. This powe
upplied, of course, by the NMR system—we have “radiat
amping—and some, perhaps most, of the power go
odulating the current in the FET which in turn provi
mplification. As the system’s stored energy is (M 0 2 M z) B0,

M z increases as energy is extracted and the transverse c-
nent of magnetization diminishes. However, in the ave
NMR experiment whenRTh @ r c, the received noise is
function of the coil resistancer c, not of RTh or Rn (19). It
mmediately follows that there is, in this instance, no relat

FIG. 5. In (a), the 1-kHz bandwidth, normalized, noise power spec
from a 50-V resistor at room temperature, as collected by the spectrome
hown. (Ordinate unity represents the theoretical noise from 50V at 293 K.)
he spectrum is part of a calibration of the experiment and the rise
xtremities is due to noise aliasing. Spectra from different resistance
ave, of course, greater or lesser noise powers. (b) Shows the spin noise
pectrum from the water sample (64 data sets of 2048 points, 1 ms per
nd the power spectrum from the FID. The two are similar.
°

the

”
to

po
e

-

hip betweenS/N and “radiation” damping, for coil resistan
r c is not involved in Eq. [24].

RTh ! r c, Reactance Annulled

When we choose, either deliberately or by bad enginee
to apply a negligible dissipative load to the circuit (RTh 3 0),
maximal power is deposited overwhelmingly in the co
resistancer c and we may obtain the power’s value simply
substitutingr c for RTh in Eq. [24]. However, the circuit nois
voltageNc, by Nyquist’s formula (20), is 4kTrc per root uni

, is

he
ill
wer
int)

FIG. 6. The calibrated spin noise spectrum showing clearly an
resonance resistance of about 71V. Calibration was performed wi
quartic plots of the form of those in Fig. 5a. The coil resistanc
approximately 9V and the residual noise from the preamplifier cause
spectrum to be offset from the baseline. Note the small height of theV
calibration curve, a measure of the preamplifier’s very small voltage
contribution.

FIG. 7. The forward The´venin equivalent circuit (i.e., looking toward t
preamplifier) of the noise-matching network connecting the receiving c
the preamplifier in an average spectrometer. The input of the preampl
assumed to be resistive.All quantities within the dashed line are transfor
ion- (and therefore frequency-) dependent. At the Larmor frequency
mpedanceZTh may well be almost purely capacitive such that it cancels
inductive reactance of the receiving coil. The probe noise is assumed t
from the resistancer c of the receiving coil. Note the effective temperature
the preamplifier. Looking from the preamplifier to the probe, a diffe
Thévenin equivalent is needed.
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191QUANTUM ORIGINS OF FID AND SPIN NOISE
bandwidth. Thus, substituting this in Eq. [24] we have tha
power per unit bandwidth is

Wd 5
j 0

2

2r c
5 2kTS j

Nc
D 2

; RTh ! r c, [25]

and we have the origin of the supposed connection bet
“radiation” damping andS/N ratio. (Note thatj andNc are both
attenuated asRTh/(RTh 1 r c) upon entering the preamplifie
However, the decision to construct the network between
receiver and the preamplifier such thatRTh ! r c lies entirely in
the hands of the designer. A graphic illustration of this
may be had with our noise coil (Fig. 4), whose sensitivit
sufficiently large to reveal “radiation” damping. Figure
shows the FID following the 90° pulse that was used for in
shimming purposes. It has roughly an exponential decay
time constant 150 ms. However, Fig. 8b shows the effec
merely adding an extral/4 cable between the probe and

reamplifier. There is large damping caused by the fact
here is now a low resistance instead of a high resistance a
he receiver coil; by Ohm’s law, much more power is extra
rom the NMR system. The extent of the damping is ea
alculated, as is well known, and a fit from the Bloch equat
s given, as are results following the application of a nomin
80° pulse.
We cannot stress too strongly that the role of a tuned c

n a modern NMR probe has nothing to do with signal
adiation field enhancement. The creation of a tuned circ
by-product of the need to transform with a network the so

mpedance of the NMR signal to a value, say 1 kV resistive
(perhaps via a 50-V intermediary), that allows a semi-cond

FIG. 8. So-called “radiation” damping. Using the spin noise experim
fitted with an exponential decay of time constant 150 ms, although ther
an extral/4 cable is inserted between the coil and the preamplifier so tha
is immediately visible. In (c) and (d) the experiment is repeated with a n
the Bloch equations. All curves were normalized to an amplitude of unity
e

en

e

t
s

l
th
of

at
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d
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s
y

it
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e

tor to contribute negligible additional noise to the experim
The crudest way of accomplishing this goal is by the add
of two capacitors to the coil, one in series and one in par
and this act unfortunately creates a high-Q, parallel tuned
circuit that has been seized upon as being a necessary p
the NMR protocol. We have shown that it is not necess
merely desirable. Nowadays, more sophisticated imped
transformation techniques can be used, and the essence o
probe and receiver design is to maximize signal-to-noise
by optimizing source impedance while minimizing power
sipation and damping, i.e., while maximizingRTh. Figure 9
which illustrates part of the transmission circuitry descr
under Experimental Details, shows in principle one of sev
ways in which this goal can be accomplished. We substitut
high-input impedance preamplifier for the switch box
utilize the transmitting coil as a receiver. The preamplifier
“sees” the desired source impedance, but the receiver coi
series with a moderately high resistance (created by prea
fier input impedance in parallel with the line and capacitorCm

which are parallel-resonant), which curbs current flow
hence greatly reduces damping. In the present context
topic is explored in more detail in Ref. (26), while an excellen
discussion of semi-conductor noise and low-noise circuit t
niques may be found in the book by Motchenbacher
Connelly (24). It should be noted that the use ofQ-damping by
the preamplifier, without loss ofS/N, has been in widespre
use in NMR imaging for several years (27, 28). In fields such
as ESR, the technique is often known as “overcoupling.
summarize, “radiation” damping is almost entirely under
control by our choice of resistanceRTh.

al setup of Fig. 4, the FID following a 90° pulse is shown in (a). It can b
a “tail” to the FID that results in a linewidth that is slightly less than 2n (b),

e latter’s input resistance becomes roughly 5V rather than 550V. Extreme dampin
inally 180° pulse. The fits to the curves were obtained with a numericalion of
move the effects on gain of impedance transformations with change of ce length
ent
e is
t th
om
to re
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192 HOULT AND GINSBERG
The Enhancement Factor

What then of the enhancement of the radiation field?
separate matter, the energy stored in an inductor carry
currenti is

E 5
1

2
Li 2 5

1

2 E B z HdV. [26]

Considering a solenoid, the receiving coil used exclusive
early NMR experiments, we may make the crude approx
tion that roughly half the energy is stored in the volume of
coil, and soL ' 2B̂1

2Vc/m0. Hence theQ-factor v 0L/(RTh 1

c) of thecircuit comprising the solenoid with its series cap-
itance and resistanceRTh 1 r c (Fig. 7) is approximately know
and, substituting in Eq. [24], we obtain for the initial dissi
tion of energy during a FID caused by Faraday induction

Wd <
m0Qv0M 0

2

4Vc
. [27]

For a (impossible-to-make) solenoid quadrature coil, twice
power would be dissipated. If we now take the ratio of

FIG. 9. Electrical details of the transmitter loop circuitry. The netwo
crossed-diode switch in place (marker 2) and with the switch replaced
he switch, and the lines and the capacitors which create a blocking circu
and damping) of 27.2 dB when compared to the unloaded loop,Q 5 750. Th
probe.
a
a

in
a-
e

-

is
s

quadrature power to that emitted as coherent sponta
emissionWe, Eq. [12], we get

h 5
2Wd

We
<

3pc3Q

v 0
3Vc

. [28]

This is precisely Eq. [3], the enhancement factor for the m
netic radiation density, and we now see this factor in its
colors—it is simply an approximate ratio of the power that
chooseto dissipate, by putting a resistanceRTh across a receiv-
ing coil, to that emitted by coherent spontaneous emis
(Note that it is only reasonably valid for a solenoid and wo
be considerably in error for a Hertzian loop. The so-ca
“filling factor” would have to be included to restore its ac
racy.) However, the amplitude of the EMF is quite indepen
of the value ofRTh and henceh, and to say that it is induced
the coil as a consequence of emission and the magnetic
enhancement is to confuse correlation and cause. The
field EMF iscorrelatedwith the far-field emission, as is show

uite clearly in Eqs. [6] through [8], but thecauseof the EMF
s Faraday induction associated with a rotating magnetic

ent. Further, the correlation becomes weaker and weak
ower the frequency, thanks to the different frequency de
encies of emission and induction.

nalyzer response versus frequency of the circuit is plotted at low powe
50marker 1). The reduction of current flow at the Larmor frequency caus
21.2 dB. This translates to an effective “Q-spoiling” (and hence decrease in coup
er part of the figure shows the equivalent circuit of the switch and trans
rk a
byV (
it, is
elow
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193QUANTUM ORIGINS OF FID AND SPIN NOISE
were able to calculate the order of magnitude of dam
correctly. By using the enhancement factor of Eqs. [3]
[28], they were simply finding in a very roundabout manner
power dissipated by the induced EMF. What then of the
“radiation damping?” It is reasonably well known that this
total misnomer, and “induction damping” would be a far m
accurate term as, for all practical situations, the dampin
caused overwhelmingly by the energy dissipated in resis
RTh 1 r c; in turn, that dissipation is a consequence of
induced EMF, not of radiation, the latter inducing a volt
that is usually negligible.

Spin Noise

Turning to the spin noise experiment, we can also calc
the ratio of the noise powerWn that the NMR system depos
in a resistorRTh across the receiving coil to that emitted
spontaneous emissionWs. (It is helpful to imagine that th
resistor has a temperature of 0 K and has a value very mu
greater than the spin resistance.) From Eq. [21], rememb
that the equation gives an RMS voltage, it is

Wn 5 v 0
2B̂1

2m2n/RTh. [29]

We employ again the solenoidal-coil approximation u
above for B̂1

2/RTh and fictitious quadrature receiving co
Then from Eq. [1], remembering that only approximately
the spins are in the upper energy level,

h 5
2Wn

Ws
5

3pc3Q

v 0
3Vc

, [30]

and we have once more the enhancement factor for the
netic radiation density. However, again to say that spontan
emission is the origin of the noise is to confuse correlation
cause. From Eq. [21], it is clear that Faraday induction is
source of the noise.

DISCUSSION

The overriding issues that need explanation are the qua
origins of Faraday induction and the transfer of energy f
the NMR system to resistanceRTh. Insight lies in the domain o
quantum electrodynamics (QED) and electromagnetic int
tions between charged particles have been pondered
sively by Feynman and others (29–34), although usually in th
ontext of high-energy nuclear physics. We now there
riefly tread well outside the NMR discipline and extend

deas of QED to the very-low-energy situations encounter
adio- and lower frequencies, albeit heuristically and w
odels, as the mathematics of quantum electrodynam

pecialized, difficult, and well outside the scope of this jour
t is stressed that, in the broader context of theoretical phy
g
d
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ell known and reluctantly accepted as being an explan
or near-field phenomena. The reluctance stems from the
ardness of the model and the impracticality of the assoc
athematics.
Consider first a stationary conduction electron in our rec

ng loop. In some sense the electron is free to move, for i
oop is terminated with a resistance, the electron can acce
nder the influence of an electric field created by a chan
agnetic field through the loop. When many such elect

tart to move, we say that a current flows. The electrons
hough, eventually deliver up by collision (phonon interact
heir new-found energy as heat, a phenomenon we term
istance.” (The magnetic field is created, of course, by
otating nuclear magnetic moment.) Now photons are co
red to be the carriers of the electromagnetic interaction. U
eing absorbed, their momentum and energy are transfer

he absorber and a force (rate of change of momentum
reated. However, from elementary considerations of co
ation of energy and momentum, it is clear that a photon
omentump and energyU 5 \v 0 5 pc cannot be absorbe
y our stationary electron. (At radiofrequencies;100 MHz,

the energy in the photon would have to be of;10213 U.)
Thus, how can the electron be accelerated? Second, co
the situation when the loop is open-circuit. The electrons
do not accelerate even classically—no current start
flow—for the induced EMF is countered by an equal
opposite electric field from charge separation. Charge
essentially previously “piled up” at the loop gap under
action of the EMF and generates a counter conservative el
field. We may now consider that the electron is receiving
average, photons of equal energy and scalar momentu
proaching from opposite sides and hence remains stati
(we assume the photon momentum is in the direction of tra
but for this picture to hold, photon energyU would have to b
zero!

How, then, can an electric field be communicated by
tons? The answer lies in the Uncertainty Principle: for a
Dt determined by the relationDUDt ; h, and therefore ove
a limited distancecDt, the photon energy may be in error by
amountDU and, in particular,U may be zero. Thus, both cas
described above may be accommodated for short perio
time by invoking photons with the “wrong” energy—virtu
photons (30). It is of interest to note that the Uncertain
Principle predicts that a zero-energy virtual photon (DU 5
\v 0) can exist only for such a time that it exerts influence o
a distance of the order of a wavelength. This is, of cour
defining distance for electromagnetic fields—at greater
tances, far fields (real photons) dominate, closer to the so
near fields (virtual photons) predominate, in accord with
cepted field theory and the two different dependencies
distance in Eq. [6].

Going even further away from NMR, the case for virt
photons is strengthened when we consider the requirem



Lorentz invariance for the electric field from a charged particle
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194 HOULT AND GINSBERG
moving at relativistic speeds. Consider a chargee1 at the origin
of a frame moving with velocityn in the laboratoryz direction.
It is well known (35, 36) that the spatial variation in th
laboratory frame of its electric field, relative to the insta
neouspresent positionof the charge at pointQ, is given by

E 5
e1r

4pe0r
3 G~u !, [31]

where e0 is the permittivity of free space,r is the vecto
istance from pointQ in the laboratory frame to a pointP of

nterest, andu is the declination of the latter relative to thz
direction atQ. Here, the distribution functionG(u ) is given by

G~u ! 5 S1 2
n 2

c2DS1 2
n 2

c2 sin2uD 23/ 2

[32]

and at high speeds, note that this function is concentrated
xy plane perpendicular to the direction of motion. Now c
sider the charge, stationary in its own frame of refere
denoted henceforth by primes. Assume that in that fram
emits photons isotropically and that their impact on any o
charges constitutes the central electrostatic force. In parti
we shall be interested in photons emitted at an angleu9 to the
z9 direction. However, in going from the charge’s frame to
laboratory frame, the relativistic transformation equation
the photons’ energy-momentum four-vector are (37)

U9 5 2pc cosu sinh z 1 U coshz

p9 cosu9 5 p cosu coshz 2 U sinh z/c

p9 sin u9 5 p sin u, [33]

where tanhz 5n/c. Now, in general, these equations
totally inconsistent with Eq. [32]. For example, ifU 5 pc, as
befits a real photon, the emission of such photons can be s
to be concentratedabout the z axis as n 3 c (37), not

erpendicularto it. However, if we take the ratio of the thi
o second equations [33] withU 5 0, i.e., for virtual photon
ith no energy, we obtain

tan u 5 tanu9 coshz [34]

and at high speeds asn 3 c, u 3 90° perpendicular to th
direction of motion. Finding from Eq. [34] the expression
cosu9 and differentiating w.r.t.u9, it is then not surprising th

sin u9du9 5 G~u !sin udu. [35]

In other words, the distribution function of the photons is
Eq. [32] if they carry no energy and so only zero-energy vir
-
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requirement of Lorentz invariance. Note that whileU9 is not
ero, the total emitted energy in the moving frameis zero—

under the auspices of the Uncertainty Principle, negative
ergies are permitted for a short time—a concept that D
wrestled with while trying to predict spin.

A full quantum electrodynamic calculation is needed
prove that virtual photons with zero energy carry the elec
static field, but the above simple analysis gives pleasing
ristic evidence. (An alternative and more elegant deriva
may be found from group theory and Noether’s theorem (38).)
How does the above relativistic analysis relate to NMR? O
the Lorentz-invariant form of the electrostatic/virtual pho
force from a charge is known, the derivation of a magnetic
when the charge moves was described as long ago as 19
an article by Page (39), who sought to bolster Einstein’s ho
contested theory of special relativity. In short, a magnetic
is simply a tiny relativistic change in the powerful electrost
field and, when a charge accelerates, that change is manif
other charges nearby. Thus a changing current can indu
EMF in a nearby conductor. There is a certain irony to the
that one of the best relativistic expositions of Faraday in
tion, starting from Eqs. [31] and [32], is given in Purce
excellent undergraduate text on electromagnetism (36) and, as
an exercise, the author has used that text as a starting p
calculate from Eq. [31] the mutual induction between two r
of conductor and thence the EMF induced by a rotating m
netic moment. (That calculation will not be reproduced he
it is too remote from NMR.)

Standing back from the experiment, the electromotive f
around the Hertzian loop can be viewed as a torque, and
a view is consistent with the idea that the Lorentz transfo
tion needed to calculate an induced EMF from Eqs. [31]
[32] can be viewed as a rotation. Quantum electrodynamic
virtual photons have four polarization states, in contrast to
two found in real photons, and the extra states are related
classical vector magnetic and scalar potentials. Corresp
ingly, they carry angular momentum in their spin and orb
terms and are therefore capable of exerting a torque o
electrons in the receiving coil and a reaction on the nuclei.
interested reader may wish to peruse Feynman’s popula
position of QED (29) or more mathematical treatises such
the books by Jauch and Rohrlich (31) and Bjorken and Dre
32, 33) and Feyman’s classic paper (34).

Considering the emission of virtual photons from the N
ample now, Dicke’s concept of coherence is still of v
mportance as it determines the total amount of transver
ngular momentum carried. However, it is virtual photons
ust be employed and it is coherentvirtual emission, if we
ay coin such a term, that must be calculated. The fac

irtual photons carry no energy enables us to take liberties
re unthinkable when adopting a Hamiltonian viewpoint th
ooted in considerations of energy. For example, under H
ltonian mechanics, one does not normally consider inte
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195QUANTUM ORIGINS OF FID AND SPIN NOISE
that nucleus changes its state. However, with virtual photo
is perfectly legitimate to consider, for example, the expecta
value of the EMF induced in an open-circuit receiving coi
a single nucleus, as was done earlier. This is possible be
there is no exchange of energy—we are not actually perf
ing a measurement. Once we close the circuit by pu
resistance across its terminals, for example a voltmet
perform a measurement, we perturb the system, and v
photons possessing some energy can pass from the nucle
electrons in the receiving loop. From time to time, nuc
transitions will occur, the Uncertainty Principle granting
whole process a slackness that we are perhaps not u
dealing with. Thus in Dirac’s quantum formulation of a f
charged particle such as a proton, the latter is const
jittering (zitterbewegung(32)) because of the random emiss

f virtual photons with a range of energies, positive and
tive. Summarizing, in Feynman’s words (34), “The Hamilto-
ian method is not well adapted to represent the direct a
t a distance between charges because that action is del
We are conscious that, against Heisenberg’s advice, w

lacing heavy emphasis on a classical concept that c
ctually be measured—the voltage induced in an open
ircuit. However, that concept is so deeply embedded in
nderstanding of classical electrodynamics and makes so

ntuitive sense that we cannot sidestep its implications—
eeda quantum explanation for it. As unsatisfactory as vir
hotons may be (try explaining electrostatic attraction!),
o at least give some insight at the quantum level into n
eld interactions, rather than simply performing the ene
alancing act of earlier work. They represent the best effo
odern field theory.
Returning to the real world, two general comments ar

rder. First, no circuit is ever completely open as ther
lways capacitance present, and there is a link betwee
erturbing influence of that capacitance in our Hertzian
nd the extent of emission of energy (real photons);
onsequence, the higher the frequency, the more impo
oth become. However, while capacitance can allow curre
ow, the reactionB1 field created in the rotating frame is th

parallel to the precessing nuclear spins and so caus
nutation and no change of energy. It is thus a perturbation
does not affect the analysis significantly unless the coil is c
to self-resonance and its own resistance can dissipate s
cant energy as heat, and we have consciously avoided
situation. Only aresistanceacross the coil terminals—the o
energy-dissipative mechanism known to electronics—
cause current to flow in the correct phase so as to cre
reactionB1 field that nutates magnetization toward thez axis.
Conservation of energy demands no less.

Second, with regard to spin noise, there is a facet o
experiment that seems to have escaped attention. Fro
experimental measurement system in thermal equilibrium
appear to be getting information—the spectrum of the
, it
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noise currents from the preamplifier that could drive the N
system are negligible (a very low noise figure) and yet
information is there. Presumably, the preamplifier’s elect
must effectively be cold at its field effect transistor’s inte
junction, giving the term “noise-temperature” for a pream
fier a rather more concrete meaning.

In conclusion, we have shown that both the FID and the
noise can be accurately predicted by near-field classical
ries that have nothing to do with the emission of radiat
Thus popular expositions of magnetic resonance that des
the phenomenon as the absorption and emission of radio w
are wrong. The theory of coherent spontaneous emission
be replaced by one of coherent emission of virtual pho
while spin noise may be considered a consequence o
random emission of virtual photons. The venerable clas
concept of Faraday induction remains the easiest rou
comprehension and calculation of voltages associated
magnetic resonance phenomena at thoseB0 magnetic field
values currently in use. Only when the size of the sam
approaches the wavelength of any radiation need vol
associated with the latter be taken into account. This is b
ning to be the case in certain high-field human imaging ex
iments and an example of the modifications required to
mathematics is given in Ref. (40).

POSTSCRIPT—EXPERIMENTAL DETAILS

The experiments now to be described in detail relied he
for efficacy and accuracy on careful radiofrequency electr
fabrication. All results were obtained in an 80-cm horizo
bore, 1.5-T imaging magnet manufactured by Magnex
(Abingdon, UK), working with protons in water at a frequen
of 63.877 MHz. The spectrometer was made by Surrey M
netic Imaging Systems (SMIS, Guildford, UK). All impedan
and gain measurements, unless otherwise specified, were
with a new Hewlett–Packard 8712 ET network analyzer.

FID Measurements

A diagram of the probe used is shown in Fig. 1. B
transmitting and receiving coils were single-gap, Hert
loops. Experiments were executed inside a closed cylind
shield of length 768 mm and diameter 540 mm to preven
intrusion of exterior interference. The dominant resonant m
of the cavity created by the shielding was at 426 MHz,
above the frequency of interest. During transmission, p
was applied through a crossed-diode switchbox (Fig. 9) t
outer, tuned and matched transmission loop. The latter w
the xz plane, was made of 8-mm-diameter copper tubing,
was of nominal radius 62.5 mm. Note that the matching
via a half-wavelength balun with symmetrical fixed tuning
matching capacitorsCt and Cm, respectively, and a sma
fine-tuning capacitorCtf (19). The aim of this construction w
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196 HOULT AND GINSBERG
receiving coils, and the isolation during transmission, as
sured with the network analyzer, was260.3 dB. During signa
eception when the transmitter was off, the crossed-d
witchbox placed a high impedance in the transmitter feed
or the self-capacitance of the diodes was cancelled with
id of the tuned circuit comprisingL 3 andC3. The length of th

line between the box and the transmitting loop was adju
(slightly greater thanl/4) so that, thanks to its high-impedan
termination, it acted as an inductor and resonated with
matching capacitorCm. This created a parallel tuned circ
which impeded the flow of current around the transmitter
increasing the isolation by an extra 21.2 dB. Thus the tr
mitter loop was considered a negligible perturbation to
system during signal reception and could be ignored.

The untuned receiving coil, made of copper tube of diam
8.0 mm, was also a circular Hertzian loop, as this type of
lends itself well to analytical calculations. It was placed in
yz plane orthogonal to the transmitting loop, with a 5-mm
and an inner circumference of 290.06 0.3 mm. Thus it
average radius was 50.15 mm and its calculated reactanc23),
with high-frequency correction, was 67V. For verification an
setup purposes only, the loop was temporarily tuned to 67
MHz with a capacitor across the gap. Thus the calcu
reactance was verified to within62 V by measuring th
capacitance. (Stray capacitance and uncertainty as to the
distribution of current on the surface of a loop render
comparison a little inaccurate.) Tuning of the loop to
desired frequency was with the aid of two symmetric
placed, weakly coupled (,240 dB), small, orthogonal picku
coils (not shown) and the network analyzer in transmis
mode (19). One pickup coil acted as a transmitter coupled

utual induction and the other as a receiver coupled likew
aving verified the loop reactance, the tuned loop and pi
oils were pressed into further service. Resistances in
etween 200 and 2000V with minimal lead length were plac
irectly across the loop gap. A calibration plot was then m
f the transfer function of the assembly in decibels versus
esistance in ohms at 63.877 MHz. In this manner, the r
ance of any arbitrary load placed across the gap cou
etermined from the calibration curve, which was fitted a
ately both to the theoretical curve and somewhat more si
o a third-order polynomial. Note that a network analyze
nreliable for high-impedance measurements.
Our aim now was to connect two low-loss, nominally 50V

oaxial cables (Belden type 9311) across the gap in the re
ng loop without compromising the isolation between trans
ing and receiving coils. One cable was to allow the rem
onnection of resistances across the gap, thereby allowin
oading on the loop to be varied. (Direct connection of re
ances, as in the calibration experiment above, destroyB0

homogeneity as the leads on resistors are ferromagnetic
other cable was to connect to the preamplifier. The meth
connection was to take a cable, bared of outer insulation, i
a-
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zian loop and thenceinsideone side of the loop up to the ga
as shown in Fig. 1. The base of the support was connec
the shield. This strategy preserved the balanced nature
receiving assembly (41) and ensured that its measured cha
eristics, such as effective inductance, did not vary with va
es such as transmitter cable routing. The first cable
onnected and its length, originally a little longer thanl/2, was

cut back until the resonant frequency of the still-tuned
returned to the Larmor frequency. The cable was found t
1.79 m in length and to have a velocity factor of 0.762.
cable was now loaded with resistancesRv of values betwee
200 and 2000V at its open, remote end and their loading of
tuned circuit was determined from the amplitude of the tran
function, via the calibration curve. It was found that the load
across the gap could be accurately represented by the c
resistance value in parallel withRc 5 23806 30 V. The value
Rc represented the loss in thel/2 cable. Note that use
Q-factor measurements in this situation to obtain loading
give erroneous results, as the line is essentially a second
circuit in parallel with that of the loop.

The second cable, a quarter wavelength long, was now
connected to the loop in the same manner, and thel/2 cable
was temporarily disconnected. The new cable led to the t
preamplifier of Fig. 10a that had a noise figure of 0.45 dB
a measured input impedance from the network analyzer o
order of 5V resistive. Its design is unremarkable and will

e discussed further. The preamplifier’s input variable ca
tor C4 was now minutely adjusted to bring the loop resona
back to the Larmor frequency and thus to provide resi
loading across the gap. In the process, the noise figure
degraded to 0.55 dB. From the transfer function calibration
loading was measured as 5346 5 V, in rough accord with th

-V input resistance and the transformation properties ofl/4
cable. Thel/2 cable was now reconnected and the lo
tuning capacitor removed. Thus the loading across the loo
could be considered to comprise whatever resistance valRv

was placed across the end of thel/2 cable in parallel with 238
V from the cable loss and 534V from the preamplifier, a
shown in Fig. 2. Any stray capacitance across the loop gap
assumed to be subsumed in the high-frequency correctio
the inductance value.

The output of the preamplifier was connected either to
spectrometer during “setup” or to a triggered Tektronix t
2465ADM oscilloscope (with the 50-V input impedance optio
selected) during signal reception. The gain of the preamp
plus losses in itsl/4 cable and the long output cable lead
away from the magnetic field to the oscilloscope, was 166
0.2 (29.56 0.1 dB) as measured with the network analy
once the high input impedance of the preamplifier and
source impedance at the cable end (52.2V) had been taken in
account. The calibration of the oscilloscope was compar
that of the new network analyzer, and the oscilloscope’s r
ings were found to need multiplication by 1.026 0.005. To
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197QUANTUM ORIGINS OF FID AND SPIN NOISE
summarize, the untuned receiving loop was effectively
nected to a high-gain, calibrated oscilloscope whose effe
input impedance at the Larmor frequency could be any de
value up to 4366 4 V with a preamplification factor of 16.16
0.2 allowing for the gain correction. The equivalent circu
shown in Fig. 2.

The sample was a sphere of water in a ping-pong ball p
at the center of the two loops. The sample’s weight
26.246 0.01 g and it was doped with a little nickel chloride
educe its relaxation times to the order of 100 ms. A 50-ms 90°

FIG. 10. (a) The preamplifier and its connection to the receiving loo
coil. C4 and L 4 are resonant and the input impedance is therefore low
resistive (;5 V). Neutralization is provided by drain signal inversion
transformerT1 and capacitorC12. For the spin noise experiment, the cros
diodes were replaced by a PIN diode to give better protection from
transmitter pulses during “setup.” (b) Characterization of the preamplifiel/4
line included) with a standard noise model. Normalized noise output powe
noise figure in decibels are plotted as a function of source resistance.
model,Rp is the (noiseless) amplifier input resistance (534V) andRs is the
source resistance with root mean square noise voltageNs 5 (4kTRs)

1/2/=Hz.
Vn andI n are the amplifier voltage and current noise sources, respectively
correlation coefficientCn. The noise output power is normalized to t
pertaining to a 50-V source at 293 K with a noiseless preamplifier. Exp
mental points are given forT 5 77 and 295 K and the solid lines a
least-squares fits obtained withVn 5 0.176 0.05 nV/=Hz, I n 5 Vn/505 3.24

A/=Hz, andCn 5 1 10/20.5. The noise figure at 50V was 0.556 0.1 dB.
The power plots are curved because the input impedance of the preamp
not infinite.
-
ve
ed

ed
s

loop and the initial amplitude of the resulting free induc
decay at the output of the preamplifier was measured wit
aid of the oscilloscope to an estimated accuracy of60.5 mV.
t was ascertained that the preamplifier was unsaturated
as giving its full gain. The experiment was then repeate
arious values of loading resistanceRv placed at the end of th

l/2 cable.

Spin Noise Measurements

Prior to undertaking any experiments, it was ensured tha
preamplifier’s noise behavior (l/4 line included) was tho
oughly understood by characterization with the standard m
(24) shown in Fig. 10b.Rp is the preamplifier input resistan
(534 V as before) andRs is the source resistance with ro
mean square noise voltageNs 5 (4kTRs)

1/2/=Hz, experimen-
tal points being given for 77 and 295 K.Vn and I n are the
amplifier voltage and current noise sources, respectively,
correlation coefficientCn. The solid lines are least-squares
to the experimental data. The noise output power is norma
to that for a 50-V source at 293 K (symmetrically broken lin
and a preamplifier of noise figure zero. The best fit
obtained withVn 5 0.176 0.05 nV/=Hz, I n 5 Vn/50 5 3.24
pA/=Hz, andCn 5 1 10/20.5. The minimum noise figu
(asymmetrically broken line) was 0.556 0.1 dB.

Annealed, copper-clad aluminum wire of nominal diam
50 mm was purchased from California Fine Wire (Grover C
CA). However, the diameter was found to vary greatly a
section of only 37-mm diameter was actually used. The cop
comprised 12% by volume and thus the nominal radius o
aluminum was 0.938 that of the wire. The wire was plated
diamagnetic copper (volume susceptibility29.6313 1026) to
a final diameter of 61mm to annul the paramagnetic susc
tibility of the aluminum (20.7643 1026) using the Udylite
UBAC Interplate bright acid copper process (Enthone-O
Concord, Ontario, Canada) and CuSO4–5H2O at 180 g/L
H2SO4 at 53 g/L, and HCl at 80 mg/L. Plating current was 2
mA for 24 min 45 s. The washed and dried wire was t
spaced with silk thread and 20.5 turns were carefully wo
onto a 5-mm precision NMR tube (Norell, Inc., Landisvi
NJ) by gloved hand where it was lightly glued in place w
cyanomethacrylate. The silk was later removed. The win
spanned 6 mm, rather than the 5 mm needed theoretical
maximum NMR resistance, as this length cancelled any
ond-order field perturbation due to residual wire susceptib
The tube was then filled with degassed water, capped, an
in a cradle, as shown in Fig. 4. Its leads were brought
printed circuit board ground plane 40 mm away—a relati
large separation designed to minimizeB0 inhomogeneit
caused by the susceptibility of the printed circuit board an
components. One lead was attached to a 1–3 pF variableseries
capacitor to ground, as shown. Effective stray capacitance
estimated to be roughly 2 pF. The capacitance was a
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198 HOULT AND GINSBERG
reluctantly to cancel the reactance of the coil (;j550 V), as
mentioned earlier. The other lead was attached to thel/4 cable
leading to the preamplifier and also to thel/2 cable which now

nabled transmitter power to be applied for the purpos
himming on the FID. However, a PIN diode, rather tha
rossed-diode, switching system was now used to prote
reamplifier from the pulses and possible noise from the t
itter. As the loading on the coil was, as before, 436V, the

effective Q-factor of the assembly was roughly unity. T
cables also allowed power to be passed from the transm
port of the network analyzer to thel/4 cable and then to th
reception port. The reactance of the coil was considered
celled by the reactance of the capacitor when the tra
function at 63.877 MHz was a minimum. A dip of212.8 dB
was observed on the bench, implying that the resistance
coil was about 8V. (N.B. the coil was not designed f
optimum signal-to-noise ratio, but for high NMR resistan
The cables passed through brass compression fittings on a
end-flange (not shown). The top of the cradle was put in plac
secured, and the assembly was mounted in the shim set whi
its own RF shield to which the copper end-flange was atta
No leakage of interference could be detected.

NMR resistance was directly measured by a contin
wave experiment. A frequency synthesiser was attached
l/2 cable and the output of the preamplifier was observed
an oscilloscope on and off resonance (1 kHz) for various i
voltages. For calibration purposes, the output was also p
with a 50-V load in place of the coil and its capacitor and w
no load. The results are shown in Fig. 11, and from the s
of the off-resonance plot line, the resistance of the coil is 86
0.2V, in good agreement with the network analyzer and n

FIG. 11. A continuous wave experiment to verify the NMR and
esistances. The preamplifier output is plotted against frequency synth
nput for four load conditions: no load (open circuit); 50-V load, NMR coil and
ample off resonance by 1 kHz, NMR coil and sample on resonance. F
atter case, note the curvature in the plot caused by the onset of satura
he input voltage is increased. It is fitted by a second-order Taylor expa
he desired resistances are calculated from the slopes at the origin

ines/curve.
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order to allow for the onset of saturation at higher powers
from the gradient at the origin, the coil plus NMR resistanc
73 6 4 V. Thus the NMR resistance is 656 4 V.

Noise was measured with the aid of the spectrometer a
software and once the instrument’s parameters had bee
they remained the same for all measurements. To calibra
system, identical cables to those seen in Fig. 4 were mad
the noises from a set of resistors at 293 and 77 K on the e
the l/4 cable were measured. Thel/2 cable and PIN diod
switch, with the transmitter connected but gated off, w
found to increase the noise figure slightly to 0.7 dB. In
absence of a field-frequency lock, random changes ofB0 field
were a nuisance when attempting to measure spin noise.
were tracked down to the motion of the large garage door i
underground parking lot that is part of our building. Once
problem had been circumvented with late nights, spectra c
be reliably obtained. The sum of the amplitude (as oppos
power) transforms had no spectral detail. Further, taking
Fourier transforms of thedifferencesbetween pairs of nois
data and using these 32 arrays to create a new power spe
did not change the spectral width or height; only the sig
to-noise ratio was diminished by=2.
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