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li’xbrodnction

The title of this paper is long and descripthe$ but the phenomena
s twlied are known as paramagne tic resonance or ferromagnetic resonanee~ as
the case may be. The devi- which is used to perform these studies is
lmwn as a paramagnetdo spectroscope, and is described in the following pages.

The magnetic resonance of eleotrons is largely studied for the infoma-
t,ion that it fields about matter in the solid state. l%e physicist gains
Information concerning energy levels of elsotrons in solids, crystal fields,
luminescent aotivatum$ femromagnetism, and sent Condudors$ while the
c:hennist may be etigh&n& concerning bond types ~ biradic&Ls and F-centers.
At the present t&ae, the study of eleotawn resonance is mainly the domain of
the basic researcher; however, some commercial applieatdms have bsen
announoed. Two devices utilizing the eleotron resonance principle are the
microwave gyrater and the microwave variable attenuator or sxqftitude modtitorq
I%e W story of the mmh~~ of magnetic resonance abso~tim is veq
cqUcaW, ti~, a few s~W& detafls are meessq %o an under-
~1~ of the p~~etic speotrosoope.

Eleotrons are the commonest of partioles fcnnkl in the universes but
they display magnetic resonance only in certain speoial subs tamces. EleOtrOns
have two inherent properties in addition to charge and mass which are
necEHBsarg f03? an understanding Of resonance; t- are Spti - -gnetiC
moment. The spin %s an angular momentum quantity from quantum meohanics$ and
magnetio mment describes the fact that the eleotron has magnetic polart~,
muoh the ssme as a small bar magnet. These properties are elusive @ not
c:cmmonly observed because most matter is made up of eleotrons that pa@ off
two by two in such a way that, as far as external measurements are conoerned$
their effeots are cancelled out. This is known as antiparallel coupling of
the el=xe The exceptional cases are those of certain free atans, f erro-
magnetic snbstanms, and some paramagnetio substances which usuaUy contain
an odd number of eleotrons. Tha odd number means that at least one eleofxom
must be Uqaired and tte undidnished magnetie properties may be deteoted by
external mqaeurements. Consider now the problem of a, spinnimg Jxxly having
a magnetio mcnaent and plaoed in a strong magnetic fleld$ and then sub jetted
‘to a torque. A s.imp3ified mechanical analogy is that of a gyroscope spinning
in a frame in the earthls gravitational f i,eld to which a torque is applled.
‘b gyroscope moves in a direction at right angles to the torque and in
~?act preoesses -- so it is with the electron.

Some of the equations neoessary ta describe We precession of a gyr-
oscope look on the surface like some of the equations used b describe ths
IQotion of a spinning eleotron in a magnetic field. The eleotron tries to line
up wtth the magnetic field, muoh as a small magnet would, but instead, ite
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The W* as described up to now is such as to require direet current
amplification after the microwave detectir bemuse the large inductance of
We magnet coil d~ a slow field change. In practice, a change of 500
gauss is madle in about foul’ *tis e Direct current amplif%caticm is not
feasible exoept for materials showing very large absorption spectra and is
to be avoided beoanse of ite inherent s*MM& problems. ‘lb circumvent the
de amplifier problem, a method of sl~ de~tia is ~ede Superposed on
the very slow change of =~eti field strength is a modulation of amplitude
o.f one to five gauss at a ~a~cy of Y eyoles per seoond~ ~s is
acmmplished by adding a set of ~eep coils to tie magnetic cizwuit of W
electrcauagnet and driving them frosi an aaao p-r =pllflero & this
w3tbd, the amplitude Of 32 CW5J3 sifg.a pramt h the ~tput Of the tic~-
wave detector is proportioned to the slope of the absorption curve shoe the
sweep amplitude is kept to a small fraction of the carve tidthg Thus
amplltude detection of the 32 cycle signal gives a plot of the derivative
of the absorption curve vs.. field strength. 3%s lower ILmit of frequency
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FoU.mntng %he cavi~ is the microwave deteotir, whioh mnsisti of a
cr@al reotifier followed by a movable sbti. -Cediag tie ~ekctir d
also preoeding tie resonant eati’ty are movable stub tuners, which match
these elamnts to the Mine; they are represented on the schematic by movable
susceptance S@&Se The microwave detecti? is pr~ps the most important
element in the system as it Is the pr~~t sowroe of noi.see The informs”
tion taken from the microwave detector is in the fores of a 32 cyob signal
m carrier$ wkkh is in turn mdulated by the absorption Wo-t%m.
CWtal reotd.fiers, in general, become quite noisy in ths low audio part of
*he speotrum and vary considerably in noise ou%put from one unit to * n=~
A screening test was made on all available crystals to select the best ones~
Out of 100 units screened, about 10 fell into the “very goodn class when the
crystals were tested for conversion efficiency and noise output~ ne ‘VSV
goodn class was considered to be those units with a ratio of conversion
effioienoy to no%se output three or more times the average for the 100 dts.
The crystals used in the spectroscope operate at an tioident rf power leml
of 1 milliwatts ti -n tested at thiS power kWd10

The Magnet

The magnet used to supplY he steady field has pole pieoes eight
inches in diameter and a gap of 4 inches. It is one of a line of researoh
magnets made w ~arian Assooiatee of San CarlOs~ Cdifotie The coils are
water cooled~ and have a do resist-e of approximate~ 100 olmm At a
max3mnm current of two amperes in the Coilsg the field reaches a value of
10,000 gauSSe The current range required to cover most spec&a (with Mystron
at 9300 me) iS .40 to .60 amperes e The power supply for the magnet is
eledzonically current regulated and is pmnided with a motor drive to slowly
change the current h the coils during a run.

The observation of speota?a containing narrow absorpfiion curves demands
a highly homogeneous field~ The steady value of magnetio field must be
constant throughout the volume of the sample, or the spectaa will be unduly
broadened. With shims the magnetic field may be held to a uniformity of
h gauss in 4000 over the k inch center circular area. The largest samples
used in the spectroscope are of the order of ~ inch across and are plaoed in
the centar of the field.

Details of the E3.ectmnie I% Uirmlent

The absorption information is in the fomn of’ an smplitude modulation
of the 32 cycle carriers which ls present in the output of the mimwwave
detector. The level at this Poti% h me smt= ~S ~e~ low ~d ~onside~ble
amplification Is required before the signal can dr%ve a pen recorder~ AISO
present in the CYYStal detector outpu+ Se wide band no3.se some interf ertnme
from the @ cyole line and seoond harmmtc of the line frequency. Because
the absorption information comes only at 32 cyoles plus d de bands of
maximum dwiation of 1 cyole, much of the noise and extraneous signals may
be eliminated by narroxlng the band@dth of the electronic amplifiers.

The electronic system starts tith a well shiel.dd (9O db) =zfio
input transformer which serves to match the crystal detector to the vaouum
tube cirouits (see Fig. 3). The first bandwidth na rrowhgisdone byan
electronic low pass filter which passes flat from 10 to 40 cycles, but is
down 20 db at 60 cycles. Following the filter 5ss a Hewlett Packard 450A
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amplifier which has a gain of either 10 or 100@ After this mp~ficatim~
the signal is divided and applied to *O identical narrow band amplifiers.
These ampufiers are tuned to the 32 c@Le carrier, and have a half power
bandwidth of 3 cycles. The square law detector cirouit consists of ampli-
fication and detection by a bridge rectifiev of four lN35 diodes. ‘&e
filter network following removes the 32 cyole carrier component, as well as
3%s second harmonic. This is necessary as the Brush recording equipment will
respond up to 300 cycles. The information signal, containing frequencies np
to about one cycle, is givm dc amplifbation and applied to one pen of a
dual pen reoorder~

The other arm of the electronic system contains a synchronous or
phase sensitive detector. This type of detector is essentially an electronic
correlating demime which seeks out oyolda information of a ~ctir
frequency by comptig the inooming signal with a reference signal of the
desired frequency. The souroe of the reference signal is the same audio
oscillator which feeds the sweep coil amplifier~ Such a detector is desirable
beoause it is a narruw band dewice, and also beeause it retains Womtim
regarding tb phase of the incoming signal with respect to the tie~ce

signal. Since the incoming signal is proportional to the slope of the absorg-
td~ curve, it may have only tno phase values differing w 18(P. ‘%USthe
phase detector output gives information about the magnitude of’ the slope of
tbs absorption ourve~ as well as the sign of the slcpe. The latter information
is very important if the true absorption curve is to be reoonstructsd from
the detivatdve data. After filtering the carrier components from the phase
detector output, the information signal is passed through a do amplifier and
app~ed to the other pen of the dual c harmel reoordere

The ob~ etive in the design of the spectroscope is to obw the
ul%bnats in si~ to noise ratio. As prtious~ stated, the microwave
detector is the predominant noise source in the system. Cmfi% selection of
crystals wtll minimize this noise, but not elhinate it~

Once noise enters the infonnatibn channel, the problem is one of
system design such that the signal Is’ maximized and the noise ~zed~ o
The noise has been minimized by collecting information frm t& sample at a
very slow rate (about, to b 10 minutes per run) and modulating a low
frequency carrier. Furthermore, narrow band amplification has been used at
the 32 cycle carrier frequenoy to give the system a. 3 @aMJ kdtidth.

The use of de for filaments was not neoessary~ as the -~fier
noise is low relative to the mimowave detector noise and because the system
is tuued for 32 cycles. However, it is neoessary to use do for the -tron
filanent,

It ti@t seem that further iniprtmment h si gnsil to noise ratio could
be ob=nti by lengthening the time of the run and ~pmpfia- increasing
the tie constant of the filter network preceding %he do ~Uie=. h
theory this would be true~ lxzt in practioe it does not work out so well.
A run which takes one to two hours for completion puts dmands on the system
other tW just tti co~tit ch~es e Namely the prob%em of long time
stabi3i~ vs. short time stability presents itself. Tests have been =de
which indicate that the increase of signal to noise ratio is not significant
enough to warrant the inconvenience OX long t&ns -.

3
e problem are

mainly ones of klystron frequency stability (1 part in 1 required for
satisfacixmy run), Xine voltage variaticms, and magnetite field stabikLtyo
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hmetie Field Measurement

For the abso~$ion Momtim to be useful, it is necessary that
the m~etic field s~- be recorded on the same chart during the run. The
field frequency relation for protons b nuclear magnetic resonance is 4257.76
eydes per gauss and~ consequmt~~ a knowledge o.f frequency nwns a knowledge
of u~et~ fle~ s*+h@ As stated previously~ the Wund Nuclear FMxmeter,
or W@etietir as it is e~ed~ is kept tuned to the rescnanee condition
tmughwt %& - by a sem V%La and the frequency monitored. The
pmc@um is %0 coma= the .~-etir ~frequency vztth that generated by a
@n@r~ Ho f~~~w Stidatie SWA a standard has a carefully stabilized
%~ kc CWW ti- a -titibrator which generates hanuonies up through
the fmqu- r-e of protan ms-ce. H these harmonics are mixed with
&h fi-en~ - the fl-etir, a zero beat will occur every 100 kc. These
zero beats are caused to operate a thizxl marker pen on the Brush dual pen
X$eeotier. A 100 km frequ

Y
separation of marker pips corresponds to a

~~eti fie~ cb~e of 2.3~ 9 gauss. Of course, any other separation could
be ob~ti~ by cW@g the crystal freque. . The details of the field

Y)mea~mt system we as follom (See Fig. ~

The probe con=tig the pr&oR sample also contains the coil of the
Z5 ose”mtir and a set of s-p coils with axis perpendicular to the rf
cOW ti the probe. men the msome condition is satisfied~ the protfms
absorb rf energy from * oscubr cofl~ thus increasing the losses in the
cimti%. The sweep co~s moWti the steady magnetic field and allow the
reso-cs eontitim to be -p% tbugh cyilicly so the 10ss or resonance
Wom%ia may be passed %-* an ac ampWtier. If the phase of the uutput
sia is e*WS it will be found to ohange by W@ when passing through
res=ae. men exac t3y on resope~ the output signal frequency is double
the mep &m-y. W characteristic is used to drive a two-phase ac
servo motor eapled to tie ~~e~eter tuning shaft. One motor winding
receives a sie m the sweep coil. oscillator that is 9CP out of phase
with respect to We m~t si@ from the Magnetometer. The servo motor
will them drive in opposite directions, according as to whether the fluxmeter

5s tuned above or below the pretun resonance condition. By proper attention
to polarity, W motor may be made to keep the fluxmeter always tamed to
res~e$ men tho~h the steady magnetic field is sluwly betig changede
In practice the line fn~~ sweep is avoided and a frequency of 85 cycles
used for the =~e-etir sweep coils and servo motors It iS we~ to petit
out here that the servo amplifer must be tuned to 85 cycles as the steady
magnetic field is also being swept by the large sweep coil at a frequency of
32 Wles. ~s causes a proton resonance signal to be generated at 32
cycles, as well as at 85 c~les~ and the fozmer signal must be kept from
reaching *e serw motore Tachometer feed back is used to prevent the serm
system from huntimg about the resonance pofit due to the inertia of t&e drive
motor and gears e

The zero beats are caused h occur by combining the Magnetometer rf
signal with that of the frequency standard In a specially designed mixer
amplifier. Such an smpll,fier must ham a pass band of about 4 mc centered
about U mc as the fluxmeter frequency ~ v this much when a broad
spedirum is beimg rune The audio output from the mixer circuit is amplified
and passed through a low pass netwo~ with adjustable cutoff frequency.
The output is rectified and caused to wry the bias of a t@atron which
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shorts a charged oapaoitor through the marker pen actua~ oofi. T& low
pass cutoff frequency is adjusted b be as low as possible and still fire the
thyratron when a zero beat is approached. A 40 cycle cutoff frequency is
satisfacto~ for most runs~ but mqy vary with the speed of changing the magnetic
field. The t@ratron does not fire exactly on zero beat, but a little ahsad.
This error is not serious as it helps compensate for the necessary lag in the

positional servo system @, furthermore, a one gaass error would mean a beat
frequency of 4257.76 cycles.

Because the markers are 100 ko apart, it is necessary to identify only
one of them. The prooedure is to tune a communications receiver to screw
frequency in the range to be covered and, whm the zero beat is heard, that
marker pip is cheoked by hand to be the set frequency of the recmlver. The
scope monitor displays the proton resonance and indicates that the servo
system is tracking the field properly.

I&esentation and Analys is of Data

The paramagnetic spectra come from the Brush reco~g equipment
in the form of a tape from one to five feet long, depending on the speed of
the rmn and the width of the spectra. Fig. S is a photograph of a typical
data sample. The recorder was slowed down to give the tapes a suitable

R
ect ratio for slide presentation. Tapes used for measurement have about

centimeters between the 23 ●49 gauss field markers. At the top of the tape,
the field marker pips may be seen; every ten pips mean a change of proton
resonance frequency of 1 no. The naxt lower curve on the tape represents
the derivative of the absorption curve also~ but without sign prese~tion.
This curve is the result of square law detection of the 32 cycle carrier.
The lowest curve is the derivative of the absorption curve, as presented by
the phase detector; note the preservation of the sign of the slope. Each
curve serves a purpose in that the peaks of the absorption curve are
determined ~ the zero crossing of the phase detector curves snd the width
of the curves at maxbnum slope points is most easily determined from the
square law detector curvee The true shape of the curve is not apparent from
these charts because of the curvilinear coordinates of the recording
mechanisms the curres are actually symmetric.

Held strength information is taken fruu the recorded spectra ~
linear interpolation betwaen the check points. Satisfactory tite~olation
demands a check point spactig of about fi= centimeters and a recording time

of approxhately ten minutes for a ‘1000 gauss spectra. Under these condi-
ticms the field value of any absorption 13ne may be detemined to one part
in five thousand. Much greater accuracy is inherent In the nuclear flux-
meter when used in a petit by point determination of the field strength.
However, the added convenience of automatic tracking and recording outweighs
this additional inherent accuracye The overall accuracy of the spectroscope
is limited to one part in 3300 by measurement of microwave frequency end
magnetic field stabtlity.
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Fig . 1 - Spectroscope block diagram,

Fig. 3 - Electronic system.
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Fig. 4 - Field recording system.

Fig. ~ - Data sample.
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