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Experiments are described that elucidate the quantum mechan-
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
tuned circuit, the NMR probe. Both the free induction decay and
the spin noise are shown to be accurately predicted by near-field
Faraday induction, which is described in the theory of quantum
electrodynamics by an exchange of virtual photons. A heuristic
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dilemma thus: “The fact that the signal persists after the irr
diation from the transmitter ceases.i. .proof that neither
absorption nor stimulated emission is involved.” He goes on
say: “It therefore follows that the signal produced in a crosse
coil NMR spectrometer must be due to spontaneous emissi
However, it must be a very strange kind of spontaneous em
sion: Bloembergen and Poun8) computed the half-life of an
NMR excited state that one should expect to be associated v
this relaxation mechanism. For a proton in a magnetic field
10" oersteds [1 T], it turns out to be ¥oseconds—about £0
times the estimated age of the universe. This mechanism wo
therefore produce a very feeble NMR signal indeed.”

[The probability of spontaneous emissibnof a photon for
a spin-1/2 magnetic dipole in free space is, in Sl units,

approach to understanding the nature and role of virtual photons
in the signal reception process is then given. Thus current popular
statements that observation of the magnetic resonance phenome-
non relies on the absorption and emission of radio waves are
shown to be wrong.

Key Words: coherent spontaneous emission; radiation damping;
spin noise; Faraday induction; virtual photons.
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where u, is the permeability of free space, is the Larmor
frequency,y is the magnetogyric ratid; is Planck’s constant
divided by 2r, andc is the speed of light. However, there are
inconsistencies between various authors in this and other eg
tions. Here, we use Abragam'’s versief) (vhich yields 3.58x
10%at1T)]

By the middle of the 20th century, the quantum theories of Macomber goes on to describe a solution to this problel
matter and its interaction with radiation were well establishe@alized by Dicke and described in a classic paper publishec
(). Thus with the discovery of NMR by Bloch and Purcell, 4954 §). Dicke had collaborated with Purcell and was wel
guantum explanation of the voltage present in a receiving cailvare of the latter's work and his views that emission
was sought. However, such an explanation was not readiadiation was behind the reception of the NMR signa)l; (
forthcoming. Bloch had described his observations in terms lebwever, his two references to NMR are to Hahn’s work on tt
Faraday induction while Purcell saw his as absorption afdD and spin echoes/(8), probably because here the trans
emission of energy, and two initially had great difficulty bemitter is off when the signal is received. Dicke realized th:
lieving that they were observing the same phenomenon. dpontaneous emission from a single nucleus in an ensembl
particular, describing the origins of the free induction decdygas” of n spins could cause synchronous emission from oth
caused significant problems, and as the proffered explanatiarclei, provided that the phases of the other nuclei's wav
of this phenomenon is still only well known to a handful ofunctions were sympathetic. This is ideally so immediate
NMR physicists, we therefore begin by describing its origin$ollowing the application of a 90° pulse to an NMR sample i

In a paper published in 1968, entitled “How does a crosseahighly homogeneolB, field, and Dicke termed the resulting,
coil NMR spectrometer work?2), Macomber summarizes thegreatly enhanced emission “coherent spontaneous emissic
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He gave the new probability of emission from tleamtire the order of magnitude of radiation damping. It does n
sample as predict the amplitude of the EMF induced in the receiving coi
Returning to Macomber’s pape2)( written some 14 years
1n? [ fiwp) 2 after Dicke’s analysis, he ends by saying: “In conclusion, it h:
I =4 <2kT> , [2] been shown that the crossed-coil NMR spectrometer is
unique kind of instrument, operating not by absorption, spo
taneous emission or stimulated emission of radiation in t
) e ke usual fashion. Rather, the RF signal is produced by coherel
This results in increased emission by a factor of the order Bfightened spontaneous emission, due to the special ph
10" for a 1-mL sample. _ relationship between the magnetic moments of the nucle
In the same year, 1954, Bloembergen and PoBd{ickly  rqsenthal 10) had a few quibbles with some of Macomber’
used Dicke’s discovery to explain radiation damping. The¥stements 11), but Dicke had the final saylp), tactfully
considered the magnetic resonance experiment, with its usec8f1cluding that both Macomber and Rosenthal were corre
a high quality factor Q), tuned receiving coil to be analogous,,j there the matter has rested since. As a result, as com

to a coupled pair of circuits, a device that has since receiviglation has filtered down the academic ladder, NMR is almc
considerable attention from theorisg.(They concluded from  iyersally portrayed in the popular scientific literature and |

pla}ss[cal induction calcullau.onsla quch that the character- o imaging community as being the absorption and emissi
istic time constant of radiation damping was of the order of & o 4io waves.

second, a far cry from #9s, and then asked rhetorically how
these two results could be consistent. They answered: “This. )
discrepancy is resolved by considering two factors. One is tR@In Noise

coherence which exists between the individual proton sSpins, e jssye of the enhancement in the radiation field caused

the other is the increase in the density of the radiation field :js[‘highQ circuit arose once again in the measurement of NM
the_tu_ned circuit over tha}t in free smac. . . Themagqeth spin noise by Sleator and co-workers3( 14. Bloch, in his

radiation density in the coil of volum¥, of a resonant circuit jgina| full paper on nuclear induction ), had remarked that

is increased over the density in free space by a facto”  j the apsence of an external RF perturbation, there should

induced in a receiving coil a small noise voltage proportion

_ 3mc’Q ton*?m, wheremis the nuclear magnetic moment. Classically

= oV, 31 this can be considered to be caused by the Brownian motion

the rotating frame magnetization. The bulk equilibrium nucle:

(Again, we use Abragam’s formulatiom)() They go on to magnetic moment vector execut(_esastochast_ictrajectory_ab<

describe how, in the presence of coherent spontaneous erfid-very close to, the axis, mapping out with time a Rayleigh
sion, the damping time constant is now decreased by a factof5ftripution in its projection on the rotating fram¢ plane.

n. Then, by multiplying Egs. [1] and [3] and the number of he correlation time of the transverse component is, of cour:
spins in'the system T,, the transverse relaxation time, and the transverse com

nent induces in the receiving coil a voltage at the Larmq
frequency of randomly varying amplitude and phase with cc
MoV [sic] [4] relation timeT,. Sleatoret al. observed spin noise at low
yh ’ temperature (4.2 K) with a sample in a resonant coil coupled
a SQUID detector and associated its detection with sponta
where Jl, is the equilibrium magnetization and,, is the ous emission enhanced by the hi@hfactor (7320) of their
sample volume, plus a factor bfo allow for the rotation rather circuit. They obtained a radiated energy that is comparal
than oscillation of the spin system, they arrive at the samgth the Nyquist noise power generated in a bandwidth
formula that was obtained classically and explain the timE« T, Hz. In subsequent papers, Gae and Leroy 16) and,
constant of the order of a second. independently, McCoy and ErnsiL%), showed that it was
Notwithstanding the (self-canceling) mistakes in the articlpossible to observe the noise at room temperaturérdauend
this was a triumph and convinced most people that NMR sigria¢roy avoided speculation on the quantum origins of the noi
reception was completely understood. It was due to coheravtiile McCoy and Ernst followed Sleatet al’s lead in linking
spontaneous emission in combination with the increase in tit® detection to spontaneous emission.
density of the radiation field caused by the tuned circuit. In In the reception both of the free induction decay signal at
turn, that increase produced radiation damping and thus sigrafl-spin noise then, a widespread assumption is that sponta
to-noise ratio §N) and radiation damping were felt to beous emission, be it coherent or simple, is responsible for t
intimately connected. In truth, however, we must remark thabserved voltage. The emission is then considered enhance
Bloembergen and Pound’s paper, as beautiful as it is, predittie Q-factor of the receiving coil. The evidence offered lies ii

wherek is Boltzmann’s constant andis absolute temperature.

n=



184 HOULT AND GINSBERG

Gap described fully in the postscript (Experimental Details) and tt
foryne) Recevs extreme care taken to characterize and calibrate the receiv

i) measurement chain is also described there. In not tuning ¢
matching the receiving loop, the underlying design philosopl
is to remove the enhancement factor of Eq. [3] provided by tl
high Q-factor of a tuned receiving coil or “cavity” and then,
following a 90° pulse, measure the FID voltage across the ¢
terminals under various resistive load conditions and comp:
it with theory. We expect that the measured voltagewill
conform to the dictates of classical network theory; in othe
words, it will be given by an induced EMEattenuated by the
potential divider comprising the coil inductance and the effe
tive resistancedR:

Transmitter

Receive loop gap (detail)

V, = ¢ R R <l+l+1)l 5]
" Reff + ijLl , of Rc Rv Rin '
FIG. 1. The crossed-coil probe inside its shield. The interaction between

the two Hertzian loops is reduced by a balanced electrical construction ewttherej = \/— 1.

exactlor_thog(l))nflallllz?tljon V\élth trtle agj of _alplaztllc screw ttl'lt adjtustment(.]I The A plot of measuredivm| versus total resistand®,; across the

sample is a ball of doped water. Coaxial cable connections taithened ooy ing coil confirms the expectation and is shown in Fig.

receiving loop gap are through the inside of the loop and its support. . . . .
for various resistance values. A weighted least-squares fit w
standard deviations, conforming to Eq. [5], is shown by tt

the absence of any other known mechanism, as describeddgghed lines. The weighting function employed for the fit w:
Macomber, and the comparability of received and emittdB€ reciprocal of (dR.,)* + (d¢/dV,)". From the fit, the coil
energy. However, a series of experiments will now be déeactance was found_to be 63:50.6 (), in reasonablg agree-
scribed that gives evidence that spontaneous emission is notfHt with the theoretical value of 67 2() (see Experimental
origin of either the FID or the spin noise voltage. We shall théretails), given that a stray capacitance of only 1 pF c
give heuristic arguments as to why the emission of Virtu&pconcne the two values. The amplitude of the EMF fr_om th
photons describes the origins of both voltages, thereby avoftiwas found to be, = 0.645+ 0.003 mV. The error estimate
ing the difficult mathematics of quantum electrodynamics thicludes the effects of allowing the loop reactance to vary |
is outside the scope of this journal. Finally, as a postscript aAcP(2- However, the systematic uncertainty in the effective gain
in view of the controversial nature of the paper, a full descrift® measurement system reduced the accura¢y0t608 mV.
tion of the rather difficult, radiofrequency experimental details Clearly and unsurprisingly, these seemingly mundane, alb

will be given so that others may reproduce the results. difficult to obtain, experimental data can be fitted with goo
accuracy by the electrical model of Eq. [5], viz. an EMF and
THE FREE INDUCTION DECAY potential divider. However, and importantly, if this mode

which has been accepted for general electrical use for mq
Results

In deference to Macomber, the cross-coil probe of Fig. 1 was
constructed for operation at 63.877 MHz in a 1.5-T imaging Receiving Es
magnet. It utilizes two orthogonal Hertzian loops with a ball of loop &
doped water for a sample, and strenuous efforts were made to FID
ensure that the two coils were adequately decoupted &0
dB) and that radiation damping was minimized. Unusually and
significantly, the receiving loop (radius 50 mm)ustunedand
operates via a/4 line into a low-noise preamplifier followed Receiving =)
by an oscilloscope, as indicated in the equivalent circuit of Fig. loop
2. A A2 line is also attached across the loop gap and, on its FD O
end, various loading resistoRs can be attached. In the figure,

R. represents the loss in the link. is the receiving coil FIG. 2. The equivalent circuit of the preamplifier and the lines shown i
¢ 1 . 1 when connected to the receiving lobp The loss in thex/2 line is

inductance that is assumed for the time being to have neg“glp(l%resented bRR., while its terminating resistance i&,. The input impedance

resistance, anR;, is the preamplifier input resistance as transs the preamplifier as transformed by thét line is R, The effective gain
formed by ther/4 cable.{ is the FID voltage. The apparatus isrom preamplifier input to oscilloscope screen is 16.1.
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Vig! free space, this assumption should create only a small er
£ which is addressed below. Then the electric field at the loop
oo in the loop’s plane and tangential and is given by

- 05 4 M

€ [ @Woko . To . o

o4 ——  Theoretical curve E= ( 47Tl‘g ) (1 Tl C)exD{Jw()(t C) } [7]
é. — —  Weighted least squares fit

0.3 ---- Estimated gain error
! Now the radius , of the loop is such thabyr/c = 0.045<

02 : 1. We may therefore expand the exponential in Eq. [7] to fir

order inr, with negligible error. Integrating around the loop tc

find the voltage across its terminals, we then obtain

0.1

P Reit
100 200 300 400 500

Loading resistance in ohms

. wouoM wor .
&= &expljwot) = or 1+ 2 expljwet). [8]
FIG. 3. A plot of measured FID voltage amplitude at the preamplifier 0

input versus total loading resistance across the receiving loop. The error bars
concern the estimated accuracies of measurements on the oscilloscope inTthe first term in parentheses on the right-hand side of Eq. |
presence of noise and of resistances at 64 MHz, and they do not include A%he coefficient of the near-field Faraday induction and is

systematic error in the estimated gain of the preamplifier. This is shown . PR . e
separately by the dashed lines surrounding the fit to the experimental data. ?‘E&ord with the “Principle of Reciprocity” approach to NMF

solid line is the theoretical function predicted by classical electrodynamics aﬁmna|'t0'n0i39 ratio calculationd§). It is the prototypical
the bulk nuclear magnetic moment. The implication of the measurementseixpressionw,B;M—the angular frequency, times the field

that asR.y — <, a constant EMF of amplitudg, is present. B, = uo/2r, at the center of the Hertzian loop due to uni

current and times the bulk nuclear magnetic moméntThe

radiation termwiri/c® modifies the expression but for our
than a century is correct, the voltaye is present even if the experiment it is negligible, comprising only 0.2% of the tota
connections to the receiving loop are brok&(— < in Eq.  To compare Eq. [8] with experiment, we must know th
[5] andV;, — ¢) and the circuit is open. In this case of coursestrength of the bulk nuclear magnetic mombhtFollowing a
the Q-factor of the “circuit” is zero,as is the enhancement9Q° pulse for a sample at equilibrium, itNé = mén where the
factor of Eq. [3]. Thus our task must be to explain the origingroton nuclear magnetic moment = yA/2 and én is the
of this EMF when there is zero beneficial enhancement of te@ergy level population difference for a spin-1/2 nuclear sy
radiation field by the receiving coil. tem ofn components at equilibrium at temperatirey is the

magnetogyric ratio anfl is Planck’s constant divided by2 If
Theory k is Boltzmann’s constant antl = 295 K,

With the main magnetic fiel®, in the z direction, consider
the electric fieldE generated at a distancérom a bulk nuclear nfiwg
magnetic momenM rotating in thexy plane at Larmor fre- on = 2kT 9]

quencyw,. In Sl units, the field is18)

(4), and as the ping-pong ball water sample has a mass of 26

E_ ( Mo 3>r y ([M] L [M]), 6 9 M = 1.289 X 1077 Am_z. We assume that the radiug in
4arr c Eq. [8] is the average radius of the receiving loop, 50.15 m
(This value may be a little in error as RF current typically flow

wherep, is the permeability of free space and square bracket®ore on the inner edge of a loop9).) Substituting in Eqg. [8]

indicate a retarded function with argument of the forim— for the described conditions, we obtain a voltagé&pf 0.651
r/c) wherec is the speed of light. The superior dots indicatenV, in excellent agreement with the experimental result «
differentiation with respect to time. There are two parts to tH&2645+ 0.008 mV. We therefore conclude that the FID sign:
equation and it is well known that the first time derivativeMbf voltage in the open-circuit loop is overwhelmingly the electrc
is responsible for near-field Faraday induction while the secontbtive force associated with near-field Faraday induction. T
time derivative, or accelerative term, is associated with tlexperiment also confirms the accuracy of the Principle
radiation field. Let the Hertzian receiving loop have radiys Reciprocity approach to the calculation of NMR signal recej
and assume that the NMR sample has negligible spatial extéah when the dimensions of the receiving coil are small i
so that it can be considered at the origin. As the diameter of tbemparison to a wavelength. In this regard, it is possible
sample is considerably smaller than both that of the loop aadply the principle to calculate the loss of signal strength d
that of the wavelength of radiation either in the sample or i@ B, inhomogeneity. It is 0.13%, and the assumption ma
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above, that the spatial extent of the sample could be neglectedDicke’s calculations; his error was in agreeing with Ma-

is therefore justified. comber in assuming that they were applicable to the NMR fr
We now turn our attention to a quantum description of signalduction decay. Given that, to this day, spontaneous a

reception. Our aim is to predict the measured EMF in thetimulated emission are still the cornerstones by which tl

open-circuit receiving loop for which there is no enhancemeptoduction of photons are understood, the assumption is |

of any emission by virtue of a coupled resonator and rsurprising. However, the unavoidable conclusion must be tt

enhancing radiation field. We shall need to know the powphotons produced by spontaneous emission, albeit coher

radiated by the NMR system. Consider the electric field of Eqannot be the source of the NMR free induction decay.

[6] r — . As is well known, only the radiation field with its

1/r dependency is of import and is given by the second part of

Eqg. [6], SPIN NOISE

E= (“")r x [M]. [10] Theory

4qrcr? . .- : :
me We now turn our attention to the origins of spin noise
S . ~ Sleatoret al. (14) were careful not to claim that spontaneou
The f|e|d IS tangent|a| to the Surface Of the Sphere Of rad|U$emission was th@auseof Spin noise, but in the presumed

and employing the vector identity absence of any other mechanism, a common interpretation
their paper is that such emission, coupled with radiation fie
(axb)-(cxd)=(a-c)(b-d)—(a-d)(b-c), amplification by a high Q-factoiis responsibe. However, if it

is possible to observe spin noise in the absence of a hi

while remembering that the magnetic moment is in #ye Q-factor, this interpreation must be in doubt. In particular,

plane, we obtain for the magnitude of the time-averaged Poyﬁ{"—iss'Cal elect_roma_gngnc theory _|nd|cates tha_t a_random Ve
ing vectorP age due to spin noise is present in an open-circuit coil, so t

the amplification factor of Eq. [3] is zero, then unenhance
4 oo spontaneous emission, with its incredibly low probability, mu.
_ (E-E) _(_@omoM _ ain? be dismissed out of hand. Thus our aim in this section is to s
P = = 32.25 | (2 — sin0), [11] - . . . )
Z, 32mwCT L, whether it is possible to devise an experiment where spin no
can be observed in the same manner that we observe

whered is the declination of radius vectorto thez axis, and FID—with a high input impedance preamplifier connecte
Zo is the characteristic impedanmc of free space. |ntegrat dlreCtly to a receiving coil and with the |mpllcat|0n that the

ing over the surface of the sphere to obtain the total radiatégise voltage is still present in the coil even if it is open-circui
powerW,, we obtain A standard way of approaching the calculation of any noi:

phenomenon is the Fluctuation Dissipation theorem, which
an application of the Principle of Reciprocity. We expand he
= .- [12] on the approach used by previous worker3, (14, 16, 1Y but
6mc guote Helstrom’s book on stochastic procesa&: (‘“When-
ever a mechanism exists by which coherent energy is conver
This value is twice the well-known result for power radiated byo heatthat same mechanismanifests a randomly fluctuating
anoscillating magnetic dipole18), as befits aotating dipole. force when the system is in thermal equilibrium, and th
For our experimentyV, = 1.07 pW. spectral density of that force is proportional to the same cc
Turning now to Dicke’s analysis of coherent spontaneowssant as determines the rate of conversion of work into he:
emission §), we may multiply Eq. [2] for the emission prob-(our emphasis). In other words, if application of a voltage to
ability by Aw, to find the radiated power. Using Abragam’scoil causes a current to flow, that producasear magneticB,
expression from Eq. [1] fok,, it may be shown to be exactly field, which causes the NMR system to absorb energy, whi
Eqg. [12]. In other words, the quantum theory of coheremd subsequently turned to heat; then a random EMF must
spontaneous emission predicts the classically derived povmuced in the coil by the same mechanism—by a near me
radiated as radio waves. Thus we have confirmed the accuraeyic field, i.e., Faraday induction. Thus the Fluctuation Diss
of Dicke’s work and, incidentally, confirmed that Abragam’pation theorem, which is proved in detail by Helstrom, give
expression for the probability of spontaneous emission is ttieeoretical cause for belief that spin noise is a near-field pt
correct one. However, it is now clear that coherent spontaneasnenon, for theB, field used in a typical CW saturation
emission cannot be the origin of the FID signal, for the corexperiment is certainly near-field. Sleatral. (14) and Mc-
tribution to that signal from the radiative term in Eq. [8] iSCoy and Ernst17) invoked the mathematics of the theory ir
negligible (0.2%). It is stressed that no mistake has been fouth@ guise of Nyquist’s formula, as we are about to do, but d

. Mong 2
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not employ the genetic details of the theory as so eloquently S(w) = 4kTR,, [19]
expressed by Helstrom.
To apply the theorem, we consider a continuous wave €¥-other words, Nyquist's formula2(). Using Eq. [17] for the

periment in which a coil produces an alternating, near magnefig/R resistanceR, and Eq. [9] to find the equilibrium bulk
field of amplitudeB, in the x direction when current of unit nyclear magnetic momeM,, we have

amplitude at frequency is passed. Let a current of amplitude

i, at that frequency be applied continuously and let there be in R 2T,

the coil a sample of bulk equilibrium nuclear magnetic moment S(w) = (woeB;mM)?n 1+ (AwT,)?’ [20]
M,. Then the field in the rotating frame isB./2 and if we 2

define the field to be along theaxis, the equilibrium solution _ : -
of the Bloch equations for the magnetic moment in the rotatir\{vhere we have sei = w, with negligible loss of accuracy and
q g tdmembered than = vh/2. Integrating over frequency dif-

Xy plane is €) ferenceAw, we may find the root mean square noise in the tirr
A domain. It is R0)
- 0.5vioB,T, \ 13
1+ (AeTy) %+ 0.25yi By 2T, T, ° [13] ) REE
~ —0.5AwyiB,T3 Nywr = J S(w) oml = woB;m V/E [21]
M Mo,  [14] o

Y - 1+ (A(I)Tz)z + 025(’}40@1) 2T1T2

and Bloch’s insight15) is validated. However, once again we

whereAw = 0 — w,, T, is the longitudinal relaxation time, . . .
: : . ave thew,B; multiplier that is characteristic of Faraday
and we have assumed right-hand rotation. The amplitude of th : L . . g
induction and the Principle of Reciprocity. By the Centre

Faraday voltage induced in the coil by the precessing nucIeLar

. . . L .. Limit theorem @O0), the equation can be construed as repr
magnetic moment, neglecting the tiny radiative contribution,_ .. . . X .
is, from Eq. [8] senting the induced RMS Gaussian noise froomits (h > 1)

of a quantity having a variance aof’, which implies discrete
.. -~ values of =m rather than a distribution. In other words, the
o= wBy(M + M), [15]  nuclear spin is quantized in the rotating frame transverse pla
Note that with this approach to the calculation of the noise, tl
and by Ohm’s law, the effective impedance that the NMBuantization in the transverse plane is forced upon us a:

sample creates in series with the coil's impedance is direct consequence of the formulation df,, which is from
R quantum statistics. Moreover, it would appear that we c:
- & 0.50yB?T,(1 — jAwT,) M [16] calculate the quantized voltag®,B,;m from a single nucleus
n = 0-

and simply multiply by+/n to obtain the full spin noise

voltage! A justification for this heretical viewpoint will be
Hence, given later.

Having obtained simple formulae for the noise, we mu

now determine whether the latter is sufficiently large to be se

M, [17] withoutQ-enhancement. Field effect transistors operating at

MHz can have superb noise figures when working from

source of resistance-1 k), and by scrupulous attention to

and the effective resistandg, is the absorption part (appro detail, noise figures of under 0.5 dB can even be obtained w

priately) of a Lorentzian. As the energy stored by a magnetigurce resistances as low as®0in other words, it is possible

momentM in a field B, is —B, - M, an alternative way of for the preamplifier to add less than 6% extra noise to th

deriving the real part of Eq. [17] is by considering the powejenerated by a 50 resistor at room temperature. Thus ou

iy 1+ (AwT,) 2+ 0.25(yiB,) 2T T,

0.5w'yB§T2

lelt[Zn] = Rn + an = m

io—0

absorptionwW aim must be to generate a receiving coil and sample that g
on resonance an NMR resistari®Rgthat is at least 50), so that

dMm, (M, — My) we can be sure that any spin noise spectrum we obtain is

W= -8B, dt — —Bo T, ’ [18]  the result of stimulation of the NMR system by current nois

from the preamplifier. From Eq. [17] it follows that we mus

where we have used one of the Bloch equations and th@ximize the on-resonance resistance:

continuous wave equilibrium expression figk, (4) must be R

applied. Ruo = 0.5w0yBiT2MoVs, [22]
Now the spectral density function of the received noise EMF

is where V; is the sample volume andl, is the equilibrium
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magnetization. A solenoid is generally considered to be tkat the input resistance of the preamplifier withit4 cable is
most efficient receiving coil. Th8, field at its center due to of the order of 5002, we will have made a very lov@ (~1)

unit current is given by41) tuned circuit, which we would really have preferred to hav
avoided.
A woN B
B, = % (a®+g? "% [23]  Results

The receiving coil described above was built with nominall

whereN is the number of turnsa is its radius, andy is its zero-susceptibility wire (albeit with a length of 6 mm, not °
half-length. Now the length of wire on a solenoid for efficienthim, to minimizeB, field inhomogeneity caused by residua
operation well below self-resonance should not exceed roughlysceptibility) as shown in Fig. 4, on a 5-mm NMR tube an
M20 (22), wherea is wavelength. Thus we sBt = ¢/20aw,. used with a homemade shim set. A linewidth of 1.8 Hz wz
Remembering that the magnetizatidit, is proportional to obtained, with the sample unspun. Full details are given unc
frequency, it follows that the resistané®, is now roughly Experimental Details. A CW experiment was then performe
independent of frequency. Hence we should work at aBgw to determine the coil and NMR resistanaesandR,. Essen
field strength to maximize absolute field homogeneity antally, a known current was passed through the coil and t
with it, the maximum value of, that can gainfully be used. voltage across the latter was measured. Well off resonance,
(Note that Eq. [22] is independent ©f.) Setting the effective resistance . was found to be &), considerably less than the
volume of the sample to approximatelyra®’g, we may see desired NMR spin noise resistance of @00n resonanceR,
from Egs. [22] and [23] that the NMR resistance is propofwas found to be 65 4 (), in good agreement with the theory
tional to g/(a® + g°). Thus the solenoid should be equal irabove, considering that the effects Bf inhomogeneity have
length to its diameter and asnall as possible. Evaluation of only been crudely accommodated and thatrather thanT,
Eq. [22] at 64 MHz, with 20 turns of wire covering 5 mm ondescribed the transverse relaxation. The same preamplifiet
a 5-mm diameter with water as a sample, shows that a rediefore was used and the noise figure, with cables and transi
tance of the order of 5@) can be reached if a linewidth of receive switch attached, was found to be 0.7 dB. (The swit
under 2 Hz can be attained. (The calculation is only accuratewms used for setup purposes only and the transmitter w
say,*=20%, as we have accommodategfield inhomogeneity disconnected during noise measurements.) Thus 92% of
by making the effective sample volume that of the coil. Ihoise measured from a H0-+esistor at room temperature was
necessary, a computer simulation can give a more exact valgtil) from the resistor itself and we would expect a simila

The inductance of such a solenoid is given by the Nagaogeoportion to hold for the NMR spin noise too. (The remainin
formula 23) as 1.6uH and, thus, with an anticipated-factor 8% is from voltage noise in the preamplifier and current noi
of the order of 100 42), its impedance at 64 MHz may be“driving” the resistor or NMR system.)
predicted as roughly 8- j550(). Thus the resistanag of the The coil and its tuning capacitor were temporarily replace
coil is not an obstacle to accurate spin noise measurement, lmyta set of resistors (10-10Q) and their noise spectral
the reactance is, even though it generates of itself no noise, densities, over a bandwidth of 1 kHz with a resolution of 0.4¢
the following reason. The standard noise equivalent circuit biiz, were now measured. The spectral density functions,
an RF preamplifierZ4) (considered further under Experimen-example of which is shown in Fig. 5a, provided a calibratio
tal Details and shown in Fig. 10b) contains both a noise volta@oise vs resistance) of the spectrometer. The increase tow
sourceV, and a constant current noise sourgavhich may be the Nyquist frequencies is caused by the poor spectrome
partially correlated. For a preamplifier optimized for Q0- filters, which permitted aliasing. The spectral density functic
usage with a noise figure of 0.5 dB, a typical value for thef the spin noise was also measured and is shown in Figs.
current source is easily shown to be 3 pAfiz (voltage and and 6. Proof that there was no coherent component to |
current correlated), which would therefore generate about kectra is given under Experimental Details. Averaging tt
nV/\/Hz acrosg550(). Unfortunately, the noise from a 30- spectral baseline in Fig. 6, the background resistance due to
resistor is only about 1 nW/Hz, and this would therefore becoil is 9 (), as may be seen from the plot’s calibration lines, i
masked by the voltage created by the current noise. It followgeod agreement with a network analyzer measurement(df &
that unless we can obtain a preamplifier with an impossibly loand the value from the CW experiment above. The pe
noise figure, we have no option but to cancel the inductivesistance, the sum of the coil and NMR resistances, is Bl
reactance with aeriescapacitance. We should then be able t6). Thus the NMR resistance of 62 3 () obtained from a spin
connect the combination to the preamplifier and detect the spioise measurement is in good agreement with both theory ¢
noise directly, secure in the knowledge that the current noisdli® CW measurement.
contributing only a small fraction of the observed noise peak atWe have viewed spin noise in the absence of a Riefactor
the Larmor frequency. However, in being forced to use @rcuit and in good agreement with a theory derived froi
capacitor between the coil and the preamplifier, rememberingar-field considerations. The implication of the experiment
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FIG. 4. The spin noise probe and its equivalent circuit. Note the absence of parallel tuning, the grounded variable capacitor being in series with
The tube of water and a circular printed circuit board are mounted in a “Plexiglas” cylinder. The board is distant from the coil t8¢diglatgerturbations
at the sample. Once the two halves of the cylinder have been mated, the whole is mounted in a shielded shim set. A linewidth of 1.8 Hz was obtair

that the noise voltage is an EMF that is present even if the deliver its optimum noise figure24§). In this process the
preamplifier is detached and the receiving coil is open-circuEMF induced in the coil by the NMR sample is also trans
It is then inconceivable that spontaneous emission could cafisened, in accord with the conservation of energy. (A straigh
such a voltage. We considered repeating the measurementoofvard analysis of the standard noise-equivalent circuit give
the spin noise spectrum with various loading resistances acros&ig. 10b will confirm that there is an optimal source resis
the receiving coil in order to emulate the philosophy used tance for bes&/N.) However, at any one specific frequency, n
determining that the FID signal was a near-field electromotiveatter how complicated the noise-matching network may |
force. However, given that we had essentially already placédning and matching capacitors, lines, etc.), by vidren's

an arbitrary resistance across the coil (the preamplifier pltrseeorem 25) a terminated network may be considered a sing
cables), we felt that this heavy labor would add little newnpedance. Thus the schematic of Fig. 7 summarizes tl
evidence to that already provided by the agreement betwaeriworkwhen looking from the probe to the preamplifieiere,

theory and experiment. we have assumed that the input impedance of the preampli
is resistive. Note that the forward and reverse transformatic
RADIATION DAMPING of a network are not necessarily symmetrical. The forwa

impedanceZ, may well, to high accuracy, be capacitive witt

It is tempting now to turn directly to the proposed origins ofiegligible resistance such that the inductance of the receivi
the FID and spin noise—virtual photons. However, it is alseoil is cancelled. Two limiting cases are then of import: whe
important to clarify why Bloembergen and Pound were able R, > r and vice versa. In practice, the coil inductance me
predict “radiation” damping so well and to examine the origingot be fully cancelled and an intermediate valueRaf is
of a supposed link between the latter and signal-to-noise ratigually obtained, although it is important to realize that tt
Considering a pulse experiment on averagespectrometer value of Ry, is under the control of the circuit designer to :
(not our special instrument) and invoking the electrical engtonsiderable degree.
neering topic of network theory, an electrical network of some
sort typically links the receiving coil to the preamplifier’s
active device, say a FET. Lookirfgom the preamplifier to the
coil, the network’s purpose is to transform, with as little extra Clearly, when an EMF is induced in an open-circuit co
resistance as possible, the source impedance (the coil reactdRsg— ), no power is dissipated. As soon as the preamplifi
and its resistance) to that value which allows the preamplifiand any intervening network are connected to the receiving c

R+, > r., Reactance Annulled
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N2, FIG. 6. The calibrated spin noise spectrum showing clearly an or
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A resonance resistance of about T Calibration was performed with
14] 3 . . quartic plots of the form of those in Fig. 5a. The coil resistance
z — Spin noise power approximately 9 and the residual noise from the preamplifier causes tt
120 o ---- FID power spectrum to be offset from the baseline. Note the small height of the 0
il B calibration curve, a measure of the preamplifier’s very small voltage noi
= contribution.
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‘T
06 E
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04l < ship betweers/N and “radiation” damping, for coil resistance
0.2 r. is not involved in Eq. [24].

-125 ~120 -115 -110 -105 -100

Frequency in Hz R, < r,, Reactance Annulled

FIG. 5. In (a), the 1-kHz bandwidth, normalized, noise power spectrum When we choose. either deliberately or by bad engineerir
from a 504} resistor at room temperature, as collected by the spectrometer, is '

shown. (Ordinate unity represents the theoretical noise frorf &0 293 K.) to apply a negl'g'_ble d|SS|p_at|ve load to th(_a C”'CU.RT( - O), ]
The spectrum is part of a calibration of the experiment and the rise at theaximal power is deposited overwhelmingly in the coil’
extremities is due to noise aliasing. Spectra from different resistances wilsistance . and we may obtain the power’s value simply b

have, of course, greater or lesser noise powers. (b) Shows the spin noise p P ; ; ; ;
. @K?Ssututln r. for Ry, in EQ. [24]. However, the circuit noise
spectrum from the water sample (64 data sets of 2048 points, 1 ms per po\lpt e i g. [24]

and the power spectrum from the FID. The two are similar. oltageN., by Nyquist's formula 20), is 4kTr. per root unit

though, the power dissipated immediately following a 90° Receiving — — — — — — — — — |
pulse is coil l
b Gain S, |

f(z) (‘Ji’oélMo)2 Signal & I

Wy = 2R, 2R, R > ro, [24] . :

Noise N, |

|

where the factor of 2 in the denominator is present because the
amplitude of the EMF has been employed. This power is
supplied, of course, by the NMR system—we have “radiation” L ) o i
d . d h t of th FIG. 7. The forward Theenin equivalent circuit (i.e., looking toward the
amp'”g_a“ some, p?l’ aps most, O _e power gqes ngamplifier) of the noise-matching network connecting the receiving coil
modulating the current in the FET which in turn providege preampiifier in an average spectrometer. The input of the preamplifies
amplification. As the system'’s stored energyNé,(— M,) B,, assumed to be resistivall quantities within the dashed line are transforma
M, increases as energy is extracted and the transverse eontipr (and therefore frequency-) dependent. At the Larmor frequency, t
nent of magnetization diminishes. However, in the averad@PedanceZm may well be almost purely capacitive such that it cancels tr
NMR - t wherR.. > th ived . . ductive reactance of the receiving coil. The probe noise is assumed to a
experiment WherRy, Fe, € received nolise IS afrom the resistance, of the receiving coil. Note the effective temperature o

function of the coil resistance., not of Ry, or R, (19). It the preamplifier. Looking from the preamplifier to the probe, a differer
immediately follows that there is, in this instance, no relatiorrhevenin equivalent is needed.

Thévenin equivalent
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FIG. 8. So-called “radiation” damping. Using the spin noise experimental setup of Fig. 4, the FID following a 90° pulse is shown in (a). It can be r
fitted with an exponential decay of time constant 150 ms, although there is a “tail” to the FID that results in a linewidth that is slightly less than(g) Hz.
an extrar/4 cable is inserted between the coil and the preamplifier so that the latter’s input resistance becomes fougtiigiSthan 55@). Extreme damping
is immediately visible. In (c) and (d) the experiment is repeated with a nominally 180° pulse. The fits to the curves were obtained with a numienicaf so
the Bloch equations. All curves were normalized to an amplitude of unity to remove the effects on gain of impedance transformations with chanigagticab

bandwidth. Thus, substituting this in Eq. [24] we have that ther to contribute negligible additional noise to the experimer

power per unit bandwidth is The crudest way of accomplishing this goal is by the additic
, , of two capacitors to the coil, one in series and one in parall
W, = é_ oKT j SR« and this act unfortunately creates a hig@h-parallel tuned
d— - ’ Th << Te [ ] . . . .
2r, N, circuit that has been seized upon as being a necessary pa

o ) the NMR protocol. We have shown that it is not necessar
?nd_wg hf‘VG the origin of the supposed connection betw&gRely desirable. Nowadays, more sophisticated impedar
radiation” damping and/N ratio. (Note that andN. are both 4 nsformation techniques can be used, and the essence of ¢
attenuated aRTh/(RT_h + r) upon entering the preamplifier.) robe and receiver design is to maximize signal-to-noise ra
However, the decision to construct the network between t 9optimizing source impedance while minimizing power dis

receiver and the preamplifier such tif&t, < r . lies entirely in sipation and damping, i.e., while maximiziRy,. Figure 9,

the hands of the designer. A graphic illustration of this fact, . . o U ]
. . 7T ... ~Which illustrates part of the transmission circuitry describe

may be had with our noise coil (Fig. 4), whose sensitivity is . . R
- 2 . . under Experimental Details, shows in principle one of sevel
sufficiently large to reveal “radiation” damping. Figure 8a

shows the FID following the 90° pulse that was used for initi jrays in Wh'_Ch this goal can be a_cc_:omphshed. W(_e substitute |
shimming purposes. It has roughly an exponential decay wi I;gh-mput |mpeqapce p.reampllfler. for the switch t_)gx an
time constant 150 ms. However, Fig. 8b shows the effects tfl'ze the tran§m|tt|ng coil as areceiver. The preampllfler the
merely adding an extra/4 cable between the probe and theSees” the desired source impedance, but the receiver coil it
preamplifier. There is large damping caused by the fact tiER11€S With @ moderately high resistance (created by pream
there is now a low resistance instead of a high resistance acrtiesinPut impedance in parallel with the line and capactior
the receiver coil; by Ohm’s law, much more power is extracteMhich are parallel-resonant),.Whlch curbs current flow ar
from the NMR system. The extent of the damping is easifjence greatly reduces damping. In the present context, t
calculated, as is well known, and a fit from the Bloch equatio@Pic is explored in more detail in ReR§), while an excellent
is given, as are results following the application of a nominalffiscussion of semi-conductor noise and low-noise circuit tec
180° pulse. nigues may be found in the book by Motchenbacher at

We cannot stress too strongly that the role of a tuned circ@ennelly @4). It should be noted that the use@fdamping by
in a modern NMR probe has nothing to do with signal ande preamplifier, without loss d¥N, has been in widespread
radiation field enhancement. The creation of a tuned circuitise in NMR imaging for several year87, 28. In fields such
a by-product of the need to transform with a network the souras ESR, the technique is often known as “overcoupling.” T
impedance of the NMR signal to a value, say Q kesistive summarize, “radiation” damping is almost entirely under ot
(perhaps via a 5@} intermediary), that allows a semi-conduc-control by our choice of resistanée,.
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FIG. 9. Electrical details of the transmitter loop circuitry. The network analyzer response versus frequency of the circuit is plotted at low power w
crossed-diode switch in place (marker 2) and with the switch replaced 6y @0arker 1). The reduction of current flow at the Larmor frequency caused
the switch, and the lines and the capacitors which create a blocking circuit, is 21.2 dB. This translates to an effesgtoibrig” (and hence decrease in coupling
and damping) of 27.2 dB when compared to the unloaded IQop, 750. Thelower part of the figure shows the equivalent circuit of the switch and transmitf
probe.

The Enhancement Factor quadrature power to that emitted as coherent spontane

What then of the enhancement of the radiation field? Asegmssmnwe, Eq. [12], we get

separate matter, the energy stored in an inductor carrying a .
currenti is _2Wy _ 3mcQ

T2 W, wdve [28]
E = E Li2 = } B-HdV. 2 This is precisely Eq. [3], the enhancement factor for the ma
d [26]
2 2 netic radiation density, and we now see this factor in its trt

colors—it is simply an approximate ratio of the power that w
Considering a solenoid, the receiving coil used exclusively f{100s&o dissipate, by putting a resistanige, across a receiv
early NMR experiments, we may make the crude approxim#d coil, to that emitted by coherent spontaneous emissic
tion that roughly half the energy is stored in the volume of thdJote that it is only reasonably valid for a solenoid and woul
coil, and soL ~ 2B2V /u,. Hence theQ-factor w,L/(Ry, + D€ considerably in error for a Hertzian loop. The so-calle
r.) of the circuit comprising the solenoid with its series capac filling factor” would have to be included to restore its accu
itance and resistand®y, + r (Fig. 7) is approximately known racy.) However, the amplitude of the EMF is quite independe
and, substituting in Eq. [24], we obtain for the initial dissipa®f the value oRr, and hence), and to say that it is induced in
tion of energy during a FID caused by Faraday induction the coil as a consequence of emission and the magnetic fi
enhancement is to confuse correlation and cause. The ne
field EMF iscorrelatedwith the far-field emission, as is shown
[27] quite clearly in Egs. [6] through [8], but treauseof the EMF
is Faraday induction associated with a rotating magnetic r
ment. Further, the correlation becomes weaker and weaker
For a (impossible-to-make) solenoid quadrature coil, twice tHswer the frequency, thanks to the different frequency depe
power would be dissipated. If we now take the ratio of thidencies of emission and induction.

_ oQwoM g
d 4V, )
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It now should not be surprising that Bloembergen and Poutite concept of virtual photons that we are about to explore
were able to calculate the order of magnitude of dampimgell known and reluctantly accepted as being an explanati
correctly. By using the enhancement factor of Eqgs. [3] arfdr near-field phenomena. The reluctance stems from the av
[28], they were simply finding in a very roundabout manner the@ardness of the model and the impracticality of the associat
power dissipated by the induced EMF. What then of the termathematics.

“radiation damping?” It is reasonably well known that this is a Consider first a stationary conduction electron in our recei
total misnomer, and “induction damping” would be a far morag loop. In some sense the electron is free to move, for if tl
accurate term as, for all practical situations, the damping|®op is terminated with a resistance, the electron can accelel
caused overwhelmingly by the energy dissipated in resistangeder the influence of an electric field created by a changi
R + rg in turn, that dissipation is a consequence of thmagnetic field through the loop. When many such electro
induced EMF, not of radiation, the latter inducing a voltagstart to move, we say that a current flows. The electrons wi

that is usually negligible. though, eventually deliver up by collision (phonon interactior
_ _ their new-found energy as heat, a phenomenon we term “
Spin Noise sistance.” (The magnetic field is created, of course, by t

Turning to the spin noise experiment, we can also calculd@¥ating nuclear magnetic moment.) Now photons are cons

the ratio of the noise powaW, that the NMR system depositsered to be the carriers of the electromagnetic interaction. Up
n . .
in a resistorRy, across the receiving coil to that emitted byP€iNg absorbed, their momentum and energy are transferre

spontaneous emissioW,. (It is helpful to imagine that the the absorber and a force (rate of Cha”Qe of _momentum)
resistor has a temperaturé @K and has a value very muChcreated. However, from elementary considerations of cons
greater than the spin resistance.) From Eq. [21], rememberif@jion Of energy and momentum, itis clear that a photon wi

that the equation gives an RMS voltage, it is momentunp and energy) = #w, = pc cannot be absorbed
by our stationary electron. (At radiofrequencied00 MHz,

the energy in the photon would have to be o0 ** U.)
Thus, how can the electron be accelerated? Second, cons

) ) ) ) ) the situation when the loop is open-circuit. The electrons nc
We employ again the solenoidal-coil approximation US&g, not accelerate even classicall—no current starts

above for B2/R,, and fictitious quadrature receiving Consﬂow—for the induced EMF is countered by an equal ar
Then from Eg. [1], remembering that only approximately half,osite electric field from charge separation. Charge h

the spins are in the upper energy level, essentially previously “piled up” at the loop gap under th
action of the EMF and generates a counter conservative elec
field. We may now consider that the electron is receiving,
average, photons of equal energy and scalar momentum
proaching from opposite sides and hence remains station
and we have once more the enhancement factor for the mége assume the photon momentum is in the direction of trave
netic radiation density. However, again to say that spontaned for this picture to hold, photon energywould have to be
emission is the origin of the noise is to confuse correlation aggro!
cause. From Eq. [21], it is clear that Faraday induction is theHow, then, can an electric field be communicated by ph
source of the noise. tons? The answer lies in the Uncertainty Principle: for a tin
At determined by the relatioAUAt ~ h, and therefore over
DISCUSSION a limited distanceAt, the photon energy may be in error by at
amountAU and, in particular may be zero. Thus, both case:
The overriding issues that need explanation are the quantdescribed above may be accommodated for short periods
origins of Faraday induction and the transfer of energy frotime by invoking photons with the “wrong” energy—virtual
the NMR system to resistan&g;. Insight lies in the domain of photons 80). It is of interest to note that the Uncertainty
guantum electrodynamics (QED) and electromagnetic interdrinciple predicts that a zero-energy virtual photanJ( =
tions between charged particles have been pondered exten,) can exist only for such a time that it exerts influence ove
sively by Feynman and other89—34, although usually in the a distance of the order of a wavelength. This is, of course
context of high-energy nuclear physics. We now therefodefining distance for electromagnetic fields—at greater di
briefly tread well outside the NMR discipline and extend th&nces, far fields (real photons) dominate, closer to the sour
ideas of QED to the very-low-energy situations encounteredragar fields (virtual photons) predominate, in accord with a
radio- and lower frequencies, albeit heuristically and witbepted field theory and the two different dependencies up
models, as the mathematics of quantum electrodynamicsdistance in Eq. [6].
specialized, difficult, and well outside the scope of this journal. Going even further away from NMR, the case for virtus
It is stressed that, in the broader context of theoretical physiphiotons is strengthened when we consider the requiremen

W, = 02B2m?n/Ry,. [29]

C2W, 3mwc*Q
n= W, oV’

[30]



194 HOULT AND GINSBERG

Lorentz invariance for the electric field from a charged particighotons can describe an electrostatic field while fulfilling th
moving at relativistic speeds. Consider a chagat the origin requirement of Lorentz invariance. Note that whilé is not
of a frame moving with velocity in the laboratory direction. zero, the total emitted energy in the moving fraimeero—
It is well known 35, 3§ that the spatial variation in the under the auspices of the Uncertainty Principle, negative ¢
laboratory frame of its electric field, relative to the instanteergies are permitted for a short time—a concept that Dir:
neouspresent positiorof the charge at poin®, is given by  wrestled with while trying to predict spin.
A full quantum electrodynamic calculation is needed t
er provethat virtual photons with zero energy carry the electrc
= dmey? G(0), [81]  static field, but the above simple analysis gives pleasing he
ristic evidence. (An alternative and more elegant derivatic
may be found from group theory and Noether’s theor&8).{
How does the above relativistic analysis relate to NMR? On
the Lorentz-invariant form of the electrostatic/virtual photo
force from a charge is known, the derivation of a magnetic fie
when the charge moves was described as long ago as 191
L2 L2 a2 an article by Page3@), who sought to bolster Einstein’s hotly
G(0) = (1 — 2) ( - sinZQ) [32] contested theory of special relativity. In short, a magnetic fie
¢ is simply a tiny relativistic change in the powerful electrostati
field and, when a charge accelerates, that change is manifes
and at high speeds, note that this function is concentrated in fjger charges nearby. Thus a changing current can induce
xy plane perpendicular to the direction of motion. Now con=pE in a nearby conductor. There is a certain irony to the fa
sider the charge, stationary in its own frame of referenggat one of the best relativistic expositions of Faraday indu
denoted henceforth by primes. Assume that in that frameiiy, starting from Egs. [31] and [32], is given in Purcell’s
emits photons isotropically and that their impact on any othggcelient undergraduate text on electromagnet®&) 4nd, as
charges constitutes the central electrostatic force. In particulgk, exercise, the author has used that text as a starting poir
we shall be interested in photons emitted at an afgte the cgjcylate from Eq. [31] the mutual induction between two ring
z' direction. However, in going from the charge’s frame to thgf conductor and thence the EMF induced by a rotating ma
laboratory frame, the relativistic transformation equations @ktic moment. (That calculation will not be reproduced here

where €, is the permittivity of free spacer;, is the vector
distance from poin@ in the laboratory frame to a poim of

interest, and is the declination of the latter relative to tle
direction atQ. Here, the distribution functio®(0) is given by

the photons’ energy-momentum four-vector &8&)( it is too remote from NMR.)
_ Standing back from the experiment, the electromotive for
U’ = —pccosé sinh{ + U coshf around the Hertzian loop can be viewed as a torque, and s
) ) ] a view is consistent with the idea that the Lorentz transform
p’ cos6’ = p cos6 cosh{ — U sinh{/c tion needed to calculate an induced EMF from Egs. [31] al
o’ sin 6’ = p sino, (3] [32] can be viewed as a rotation. Quantum electrodynamical

virtual photons have four polarization states, in contrast to t
two found in real photons, and the extra states are related to

whe”re.tanhgl =vlc. .NhO\I'EV’ |n329er'1:eral, thesle Leufqgatlons a%lassical vector magnetic and scalar potentials. Correspo
totally inconsistent with Eq. [32]. For example,Uf = pc, as gy they carry angular momentum in their spin and orbit

befits a real photon, the emission of such photons can be sho[ s and are therefore capable of exerting a torque on

to be (c:jgntzlentra}teﬁbout the.fz axis kasE - ¢ (?;7)6 n(;t' delectronsinthe receiving coil and a reaction on the nuclei. T
perpendicularto it. However, If we take the ratio of the third; ;o oqteq reader may wish to peruse Feynman’s popular

to second equations [33] will = 0, i.e., for virtual photons position of QED R9) or more mathematical treatises such &

with no energy, we obtain the books by Jauch and RohrlicR1j and Bjorken and Drell
) (32, 33 and Feyman'’s classic paped4j.
tanf = tan ¢’ cosh{ [34] Considering the emission of virtual photons from the NMI

sample now, Dicke’s concept of coherence is still of vite

and at high speeds as— ¢, 6 — 90° perpendicular to the jmportance as it determines the total amount of transverse

direction of motion. Finding from Eq. [34] the expression fopngular momentum carried. However, it is virtual photons th
cos®’ and differentiating w.r.t6’, it is then not surprising that must be employed and it is coherevittual emission, if we

may coin such a term, that must be calculated. The fact tl

sin 6'de’ = G(6)sin 6d6. [35] virtual photons carry no energy enables us to take liberties tl

are unthinkable when adopting a Hamiltonian viewpoint that

In other words, the distribution function of the photons is jusboted in considerations of energy. For example, under Ha

Eq. [32] if they carry no energy and so only zero-energy virtudtonian mechanics, one does not normally consider intere
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tions with a single nucleus because the act of interrogationtef—at no cost! We have taken great pains to ensure that
that nucleus changes its state. However, with virtual photonsndise currents from the preamplifier that could drive the NM
is perfectly legitimate to consider, for example, the expectati@ystem are negligible (a very low noise figure) and yet tt
value of the EMF induced in an open-circuit receiving coil bynformation is there. Presumably, the preamplifier’s electro
a single nucleus, as was done earlier. This is possible becammest effectively be cold at its field effect transistor’s interne
there is no exchange of energy—we are not actually perforfjonction, giving the term “noise-temperature” for a preampl
ing a measurement. Once we close the circuit by puttirfigr a rather more concrete meaning.
resistance across its terminals, for example a voltmeter toln conclusion, we have shown that both the FID and the si
perform a measurement, we perturb the system, and virtmaise can be accurately predicted by near-field classical thi
photons possessing some energy can pass from the nuclei taigee that have nothing to do with the emission of radiatiol
electrons in the receiving loop. From time to time, nuclearhus popular expositions of magnetic resonance that desci
transitions will occur, the Uncertainty Principle granting thishe phenomenon as the absorption and emission of radio wa
whole process a slackness that we are perhaps not use@rtowrong. The theory of coherent spontaneous emission i
dealing with. Thus in Dirac’s quantum formulation of a frede replaced by one of coherent emission of virtual photor
charged particle such as a proton, the latter is constantile spin noise may be considered a consequence of
jittering (zitterbewegung32)) because of the random emissiomandom emission of virtual photons. The venerable classit
of virtual photons with a range of energies, positive and negencept of Faraday induction remains the easiest route
ative. Summarizing, in Feynman’s word3j, “The Hamilto- comprehension and calculation of voltages associated w
nian method is not well adapted to represent the direct actioragnetic resonance phenomena at thBsemagnetic field
at a distance between charges because that action is delayealties currently in use. Only when the size of the samg
We are conscious that, against Heisenberg’s advice, we approaches the wavelength of any radiation need voltac
placing heavy emphasis on a classical concept that canaesociated with the latter be taken into account. This is beg
actually be measured—the voltage induced in an open-loojmg to be the case in certain high-field human imaging expe
circuit. However, that concept is so deeply embedded in ounents and an example of the modifications required to t
understanding of classical electrodynamics and makes so muawdthematics is given in Ref4().
intuitive sense that we cannot sidestep its implications—we
needa quantum explanation for it. As unsatisfactory as virtual POSTSCRIPT—EXPERIMENTAL DETAILS
photons may be (try explaining electrostatic attraction!), they

do at least give some insight at the quantum level into near-rhg experiments now to be described in detail relied heav

field interactions, rather than simply performing the energy, efficacy and accuracy on careful radiofrequency electror
balancing act of earlier work. They represent the best efforts@b,ication. All results were obtained in an 80-cm horizont:

modern field theory. bore, 1.5-T imaging magnet manufactured by Magnex Lt

Returning to the real world, two general comments are {hingdon, UK), working with protons in water at a frequenc
order. First, no circuit is ever completely open as there & g3 877 MHz. The spectrometer was made by Surrey Ma
always capacitance present, and there is a link between fgic Imaging Systems (SMIS, Guildford, UK). All impedanc:
perturbing influence of that capacitance in our Hertzian logg,q gain measurements, unless otherwise specified, were 1t

and the extent of emission of energy (real photons); asyfh a new Hewlett—Packard 8712 ET network analyzer.
consequence, the higher the frequency, the more important

both become. _Howe\_/er, while capacnance can allow c_urrentlgﬂD Measurements
flow, the reactiorB, field created in the rotating frame is then
parallel to the precessing nuclear spins and so causes né diagram of the probe used is shown in Fig. 1. Bot
nutation and no change of energy. It is thus a perturbation thegtnsmitting and receiving coils were single-gap, Hertzie
does not affect the analysis significantly unless the coil is clokm®ps. Experiments were executed inside a closed cylindri
to self-resonance and its own resistance can dissipate sigrsfiteld of length 768 mm and diameter 540 mm to prevent t
cant energy as heat, and we have consciously avoided timitusion of exterior interference. The dominant resonant mo
situation. Only aresistanceacross the coil terminals—the oneof the cavity created by the shielding was at 426 MHz, we
energy-dissipative mechanism known to electronics—cabove the frequency of interest. During transmission, pow
cause current to flow in the correct phase so as to createvas applied through a crossed-diode switchbox (Fig. 9) to t
reactionB; field that nutates magnetization toward thexis. outer, tuned and matched transmission loop. The latter was
Conservation of energy demands no less. the xz plane, was made of 8-mm-diameter copper tubing, a
Second, with regard to spin noise, there is a facet of theas of nominal radius 62.5 mm. Note that the matching w
experiment that seems to have escaped attention. Fromvana half-wavelength balun with symmetrical fixed tuning an
experimental measurement system in thermal equilibrium, weatching capacitor<, and C,, respectively, and a small,
appear to be getting information—the spectrum of the wéine-tuning capacito€; (19). The aim of this construction was
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to minimize electrostatic coupling between transmitting aralsupporting copper tube connected half way around the He
receiving coils, and the isolation during transmission, as meaan loop and thencmsideone side of the loop up to the gap,
sured with the network analyzer, wa$0.3 dB. During signal as shown in Fig. 1. The base of the support was connectec
reception when the transmitter was off, the crossed-diotle shield. This strategy preserved the balanced nature of
switchbox placed a high impedance in the transmitter feedlimeceiving assembly4(l) and ensured that its measured chara
for the self-capacitance of the diodes was cancelled with ttexistics, such as effective inductance, did not vary with vage
aid of the tuned circuit comprising; andC,. The length of the ies such as transmitter cable routing. The first cable w
line between the box and the transmitting loop was adjustednnected and its length, originally a little longer thd8, was
(slightly greater tham/4) so that, thanks to its high-impedanceut back until the resonant frequency of the still-tuned loc
termination, it acted as an inductor and resonated with theturned to the Larmor frequency. The cable was found to
matching capacitoC,,. This created a parallel tuned circuitl.79 m in length and to have a velocity factor of 0.762. Th
which impeded the flow of current around the transmitter cottable was now loaded with resistandesof values between
increasing the isolation by an extra 21.2 dB. Thus the trar30 and 200@ at its open, remote end and their loading of th
mitter loop was considered a negligible perturbation to thaned circuit was determined from the amplitude of the transt
system during signal reception and could be ignored. function, via the calibration curve. It was found that the loadir
The untuned receiving coil, made of copper tube of diametacross the gap could be accurately represented by the chc
8.0 mm, was also a circular Hertzian loop, as this type of ca#sistance value in parallel wiR, = 2380+ 30(). The value
lends itself well to analytical calculations. It was placed in thB, represented the loss in the2 cable. Note that use of
yz plane orthogonal to the transmitting loop, with a 5-mm ga@-factor measurements in this situation to obtain loading w
and an inner circumference of 2900 0.3 mm. Thus its give erroneous results, as the line is essentially a second tu
average radius was 50.15 mm and its calculated reactafge (circuit in parallel with that of the loop.
with high-frequency correction, was &Y. For verification and  The second cable, a quarter wavelength long, was now a
setup purposes only, the loop was temporarily tuned to 67.82@nhnected to the loop in the same manner, and\{Becable
MHz with a capacitor across the gap. Thus the calculateds temporarily disconnected. The new cable led to the tun
reactance was verified to withicc2 ) by measuring the preamplifier of Fig. 10a that had a noise figure of 0.45 dB a
capacitance. (Stray capacitance and uncertainty as to the egacteasured input impedance from the network analyzer of 1
distribution of current on the surface of a loop render therder of 5() resistive. Its design is unremarkable and will nc
comparison a little inaccurate.) Tuning of the loop to thbe discussed further. The preamplifier’s input variable cape
desired frequency was with the aid of two symmetricallitor C, was now minutely adjusted to bring the loop resonanc
placed, weakly coupled<(—40 dB), small, orthogonal pickup back to the Larmor frequency and thus to provide resisti
coils (not shown) and the network analyzer in transmissidoading across the gap. In the process, the noise figure v
mode (9). One pickup coil acted as a transmitter coupled byegraded to 0.55 dB. From the transfer function calibration, t
mutual induction and the other as a receiver coupled likewideading was measured as 5345 (), in rough accord with the
Having verified the loop reactance, the tuned loop and pick&g() input resistance and the transformation properties)déla
coils were pressed into further service. Resistances in vakable. TheA/2 cable was now reconnected and the loop
between 200 and 20d0 with minimal lead length were placedtuning capacitor removed. Thus the loading across the loop ¢
directly across the loop gap. A calibration plot was then madeuld be considered to comprise whatever resistance W®lue
of the transfer function of the assembly in decibels versus loads placed across the end of thi@ cable in parallel with 2380
resistance in ohms at 63.877 MHz. In this manner, the res{3-from the cable loss and 53@ from the preamplifier, as
tance of any arbitrary load placed across the gap could &leown in Fig. 2. Any stray capacitance across the loop gap v
determined from the calibration curve, which was fitted accassumed to be subsumed in the high-frequency correction
rately both to the theoretical curve and somewhat more simghe inductance value.
to a third-order polynomial. Note that a network analyzer is The output of the preamplifier was connected either to tl
unreliable for high-impedance measurements. spectrometer during “setup” or to a triggered Tektronix tyf
Our aim now was to connect two low-loss, nominally §0- 2465ADM oscilloscope (with the 50 input impedance option
coaxial cables (Belden type 9311) across the gap in the recedelected) during signal reception. The gain of the preamplifi
ing loop without compromising the isolation between transmiplus losses in its\/4 cable and the long output cable leadin
ting and receiving coils. One cable was to allow the remotavay from the magnetic field to the oscilloscope, was 16.4
connection of resistances across the gap, thereby allowing th2 (29.5+ 0.1 dB) as measured with the network analyze
loading on the loop to be varied. (Direct connection of resience the high input impedance of the preamplifier and tl
tances, as in the calibration experiment above, destByys source impedance at the cable end (32)had been taken into
homogeneity as the leads on resistors are ferromagnetic.) Hoeount. The calibration of the oscilloscope was compared
other cable was to connect to the preamplifier. The methodtbht of the new network analyzer, and the oscilloscope’s ree
connection was to take a cable, bared of outer insulation, insidgs were found to need multiplication by 1.2 0.005. To
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a L4: 18 turns, 16 awg, toroidal & 28 & 7 mm pulse was applied to the sample with the aid of the transmitti
T1: 15 turns, 30 awg bifilar, toroidal & 14.5 & 5.2 mm loop and the initial amplitude of the resulting free inductio
vA cacr | Gr0]. valain dgcay at the output of the prearr_]plifier was measured with t
270pF, _|_—_T_—'4-’(®)\—1HF°_3V o &id of the oscilloscope to an estimated accuracy-6f5 mV.
1onF gl LAFCt ' It was ascertained that the preamplifier was unsaturated ¢
T c9 was giving its full gain. The experiment was then repeated f
Neutaiisation various values of loading resistanRe placed at the end of the
——————— y ) M2 cable.
L 1N57,,30pFC 2 ! 20pF N
> e F1'E ! J,:SC‘%F AU-1426-1103
Loop gap I8 A é E7s038 Spin Noise Measurements
L4
pipz Sos[  [cs : Prior to undertaking any experiments, it was ensured that 1
A1 oo T T T T preamplifier's noise behaviorAf4 line included) was thor-
]— T R2 1k c11| Voate . . .
1006 L—d—d—LAAN, —= oughly understood by characterization with the standard mo«
—+ T-° (24) shown in Fig. 10bR, is the preamplifier input resistance
b (534 O as before) andR, is the source resistance with roof

mean square noise voltadk = (4kTR)"’/\/Hz, experimen
tal points being given for 77 and 295 K/, and|, are the
amplifier voltage and current noise sources, respectively, w
correlation coefficienC,. The solid lines are least-squares fit
to the experimental data. The noise output power is normaliz
to that for a 50€) source at 293 K (symmetrically broken line)
and a preamplifier of noise figure zero. The best fit we
obtained withV,, = 0.17 = 0.05 nVA/Hz, |, = V,/50 = 3.24
pA/A/Hz, andC, = 1 +0/—0.5. The minimum noise figure
20 m pes e (asymmetrically broken line) was 0.55 0.1 dB.

Source resistance in ohms Annealed, copper-clad aluminum wire of nominal diamett

FIG. 10. (a) The preamplifier and its connection to the receiving loop o0 M Was purchased from California Fine Wire (Grover City
coil. C, and L, are resonant and the input impedance is therefore low afdA). However, the diameter was found to vary greatly and
resistive (-5 (1). Neutralization is provided by drain signal inversion insection of only 37um diameter was actually used. The coppe
transformerT, and capacitoC,,. For the spin noise experiment, the crosse(&omprised 12% by volume and thus the nominal radius of t

diodes were replaced by a PIN diode to give better protection from th . . . .
transmitter pulses during “setup.” (b) Characterization of the preampliiér ( aﬁummum was 0.938 that of the wire. The wire was plated wii

line included) with a standard noise model. Normalized noise output power siiRmagnetic copper (volume susceptibilig.631x 10°°) to
noise figure in decibels are plotted as a function of source resistance. In &dinal diameter of 6Jum to annul the paramagnetic suscer
model,R; is the (noiseless) amplifier input resistance (384andR; is the tibility of the aluminum (20.764X 10*6) using the Udylite
e vt anplocheus o cmom e oo reopesmay, fiBAC Interplate bright acid capper process (Erthone-OM
cc:riglatron coefficiepntcn. Thegnoise output power is nor;nalifed to #atebncord Ontario, Canada) and Cu‘sa__|20 at 180 g/L,
pertaining to a 5@ source at 293 K with a noiseless preamplifier. Experit12SOs at 53 g/L, and HCl at 80 mg/L. Plating current was 20.
mental points are given fol = 77 and 295 K and the solid lines aremA for 24 min 45 s. The washed and dried wire was the
least-squares fits obtained wih = 0.17+ 0.05nVA/Hz, 1, = V./50=3.24  spaced with silk thread and 20.5 turns were carefully wour
e ronss o s i b e ke o e om0, &-mm precision NMR tube (Norel, Inc. Landiyile
not iﬁﬁnite_p putimp P P E‘Nj) by gloved hand where it was lightly glued in place witl
cyanomethacrylate. The silk was later removed. The windil
spanned 6 mm, rather than the 5 mm needed theoretically
summarize, the untuned receiving loop was effectively comaximum NMR resistance, as this length cancelled any s
nected to a high-gain, calibrated oscilloscope whose effectivad-order field perturbation due to residual wire susceptibilit
input impedance at the Larmor frequency could be any desiréde tube was then filled with degassed water, capped, and |
value up to 436= 4 () with a preamplification factor of 16.2 in a cradle, as shown in Fig. 4. Its leads were brought to
0.2 allowing for the gain correction. The equivalent circuit iprinted circuit board ground plane 40 mm away—a relative
shown in Fig. 2. large separation designed to minimiZ&, inhomogeneity
The sample was a sphere of water in a ping-pong ball placeaused by the susceptibility of the printed circuit board and
at the center of the two loops. The sample’s weight wa®mponents. One lead was attached to a 1-3 pF vaisabies
26.24=* 0.01 g and it was doped with a little nickel chloride tacapacitor to ground, as shown. Effective stray capacitance v
reduce its relaxation times to the order of 100 ms. AB090° estimated to be roughly 2 pF. The capacitance was adc

Normalized noise power
Noise figure
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measurements. The on-resonance plot was fitted to sec
order to allow for the onset of saturation at higher powers a
from the gradient at the origin, the coil plus NMR resistance
No load 73 = 4 ). Thus the NMR resistance is 65 4 ().

Noise was measured with the aid of the spectrometer and
software and once the instrument’s parameters had been
they remained the same for all measurements. To calibrate

On resonance system, identical cables to those seen in Fig. 4 were made
the noises from a set of resistors at 293 and 77 K on the enc
the A/4 cable were measured. Thé2 cable and PIN diode

switch, with the transmitter connected but gated off, we

Off resonance found to increase the noise figure slightly to 0.7 dB. In th

5 10 15 20 “Ver absence of a field-frequency lock, random changeB,dfeld

Input (no units) were a nuisance when attempting to measure spin noise. Tk

FIG. 11. A continuous wave experiment to verify the NMR and coilwere tracked down to the motion of the large garage door in t

resistances. The preamplifier output is plotted against frequency synthesizaderground parking lot that is part of our building. Once th

input for four load conditions: no load (open circuit); $Dload, NMR coil and problem had been circumvented with late nights, spectra col

sample off resonance by 1 kHz, NMR coil and sample on resonance. For % reliably obtained. The sum of the amplitude (as opposed
latter case, note the curvature in the plot caused by the onset of saturation as )

the input voltage is increased. It is fitted by a second-order Taylor expansimwgr) transforms had ”0_ spectral detail. Further' takm_g t
The desired resistances are calculated from the slopes at the origin of FrRUrier transforms of thelifferencesbetween pairs of noise

lines/curve. data and using these 32 arrays to create a new power spect
did not change the spectral width or height; only the signe
to-noise ratio was diminished by/2.

reluctantly to cancel the reactance of the celj650 1), as

mentioned earlier. The other lead was attached tatheable ACKNOWLEDGMENTS
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