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Muclear Magnetic Reasnmce absorption appears as rn ~nterasting 

m d  useful technique for the atudg of nuclear secretso The major ob- 

jective of t h i s  study was to 2nves"tigate " c h e  applLcatfon of NucYeaa 

Magnetic Resonance t o  determine the moisture conten-c. in 30i3.s~ The 

Nuclear Nagnetic Fesonmee apparatus b u i l t  appeared to function nor- 

mally but pave r i s e  -to inconsfs"cen-t res.t~l.ts, Emever, s t e ~ d f e s  sf 

soil moisture determination was continued iri t h e  Tlarim A-60 process 

analyzer of the physical acf ence department, F u r ~ d ~ e n t a P  de tec t s  f n 

N,M,R. as a method are discu~sed, 



HISTORICAL BACKGROUND 

Histor i  cally,  the  f irst  Nuclear Magnsti @ Resonace (hereafter 

abbrecrfated as B.M.R.) s ignals  were observed during the l a t e  fall of 

19b5, in two independent physics laborator ies  located 3,000 miles 

apar t  on the American continent, Co-discoverers Edward #. Ptfsrce3.1 

a t  Ha~oard and Fel ix  Bloch a t  Stmfo.rd announced almost s imdtmeously 

t h i s  in te res t ing  discovery i n  physics. They had fsmd a way t o  w$me 

inm on the magnetic f i e l d s  of spinning nuclei  sf atoms. The work was 

so important t h a t  i n  1952 both Ptnrcell and Blseh shared the Nobel 

P r i ze  i n  Physics. 

Serme time ago Professor J, 1, Hagen of the  Elec t r ica l  Engineer- 

ing Department of the University of Idaho suggested t o  the wri ter  t ha t  

the  phensmenon of N,H.R, should be explored as a means of maasur5.rag 

the moisture content of so i l s .  The resonance could be t m e d  t o  t h e  

protons s f  the  hydrogen nuclei  of t he  sample and an external radio 

frequency f i e l d  in such a manner t h a t  the number of hydnnsgen mclef 

could be observed. A survey of the l i t e r a t a r e  revealed t h a t  t h i s  

could indeed be aeeomp%ished, a d  that the -idea had been used $0 

measure the moisture content of certain materials, such as dr ied 

potatoes, candies,' corn syrup, and various other  dehydrated corn- 

msdities . 2 
Of notable comercia1 h t e r e s t  i s  the Varian A-68 process 

analyzer which can be used t o  determine the moisture content of a 



2 

sample of almost anythfng to an accuracy of about P percent in a %$me 

of about 30 seconds, Equipment systems 02 s simflar type ass b%LB$ 

by other companies, but the point to be noted here 9s that such sys'tems 

are available at a rn5nfm.m nominal cost of about $k9,~300. " re  Bay$= 

A-60 uses an electro-magnet whi eh weighs about 580 pounds ~ 5 t h  a 

magnetic field intensity of 1b,092 gauss. The magnet has 10-fnch 

diameter pole faces and a 318-inch air gapo This prcvides a suffi- 

ciently homogeneous field st~ength over a sample volume of b0 ec. 

8 
such that broadline N.M.R, analyses can be made f o r  that size volwte, 

3 A semi-technical article was noted, wherein very si~rlpke csanpa- 

nents were used to observe B,M,R. in water, It uas f e l t  that this 

app~oach eouPd be examtned as having pstent%al for the so$% aois'iture 

measurement. This apparatus in particular suggested the use sf 

surplus magnetron magnets. If, indeed, this should prove %s be 

workable for the purpose, it was seen that the apparatus could be 

emall enough to be installed below ground, by utilizing weather-proof 

construction, etc, A n  alternate procedure might be almost as con- 

venient for some applications wherein some samples sf the so89 might 

be handled with portable apparatus above ground, 

It nay be a point of interest to note here that a11 the work 

so far mentioned in the literature has been done with an actual R,M,R,  

analyzer (like the one maintained by the Chemistry Bepa~tmsn$ at the 

University of ~daho). However, it was felt t h a t  a analPer, sinplel- 

system could be built ~nsing a magnetron magnet of perhapa 50 $0 180 

pounds weight that would analyze 5 cc. sf material t o  an accurac,y 



of 2 t o  3 percent. Such an ins tment .wsuPd 'be invaluable i n  the  

analysis of s o i l  moisture where extreme accuracy i s  not nearly as 

important as  r e l i a b i l i t y  and repea tab i l i ty  of measurement. Such 

a system wodd have deckled advantages over conventional e l e c t r i c a l  

res is tance methods of moisture analysis o r  t he  neutron scat ter ing 

methods where a l imited radiation hazard can be expected, The s igni-  

f i c a n t  advantages of the  EJ.K,R. approach are: 

(i) Speed-The time required for moisture detemination 

ranges from 30 t o  90 seconds. F u r t h e m ~ e ,  a pro- 

jected modification of the  analyzer t o  a "d i rec t  

readingR system d P P  substant ia l ly  cut t h i s  time, 

(99) Mon-Destructive Teckique-Samples may be retained 

f o r  subseqznent analysis,  

(if i) Minimum Sample Preparatf on-Almost a l l  samples 

may be exmined on an i sn1  basis .  

(iv) Versatility-The method has been anceeasfully 

applied t o  pmdu.cts routfnely cheeked by vacua -  

d m n g ,  azeotropfe d i s t i l l a t i o n ,  r e f ~ a c t i v e  

index, and conductivity. 

(v) Flexibility-The method f s completely 5 ndependent 

of variables such as tempe~ature,  sa l fnf  %y, and 

the physical constants of the material  being 

tested,  except as noted Later i n  t h i s  thes i s ,  



In general M.MII,R. has proven of great value in $he study of 

atomic and nuclear structure, Today, chemists, geophysicis%s, 

electrieaP engineers, applied physicists, and biologists use NOPIOR.  

%n one or ansther of its forms. 



CHAPTER 11 

INTRODUCTION AND THEORETICAL BACKGROUND 

F i r s t  of a l l ,  a  review of the  c lass ica l  theory given i n  terms 

of the  motion of a top and analogies t o  the  proton s i tua t ion  in a 

steady magnetic f i e l d  can be found and the nature of precession can 

be seen. In  the more exact theory, resor t  must be made t o  quantum 

theory. 

A l l  matter i s  made up of atoms and molecules. The Rutherford's 

atomic model can be used which consists of a cen t ra l  posit ive nucleus 

surrounded by electrons i n  various orb i t s .  The electron (charge) 

mpves around the  nucleus i n  a closed loop. Charge i n  motion consti-  

t u t e s  a current. The conventional d i rec t ion  of the  current i s  

opposite t o  the  direct ion i n  which the electron t rave ls ,  as  indicated 

i n  Figure 1. Thus, an e lectron i n  an o r b i t  i s  analogous t o  a small 

current loop and as such experiences a torque i n  an external magnetic 

f i e l d .  The torque tends t o  align the  magnetic f i e l d  produced by the 

orbi t ing electron with the external magnetic f i e ld .  Since the mag- 

n e t i c  f i e l d  of the  electron then adds t o  the  external  f i e ld ,  t h i s  

simple picture  would lead t o  the  bel ief  t h a t  the external  magnetic 

f i e l d  is always greater  than it would be without t he  material  present. 

This i s  t rue only i n  some cases, as a second motion of the electrons 

must be taken i n t o  account, i .e . ,  e lectron spin. 



Figure 1. 

Motion of t he  electron around the nucleus. 

1. Orbital  current loop. 

2 .  Spin current loop. 

3 .  Direction of current flow, 

4 Direction of t r ave l .  

The physicists  have shown t h a t  the electron spins about an axis 

passin$ through(.the )electron its$l$.iks I ft:losbit$ about the  .nucleus, 

'Eb%s~bn&de;l,fd evfdently pattem&d a f t e r  th6 motion of a p lanet  such as 

that of the ear th  moving about the  sun. The spinning electron i s  
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the  equivalent t o  a second current loop, and the  torque on t h i s  loop 

must a l so  be considered i n  the  presence of an external  magnetic f i e l d .  

It turns out t h a t  these e f fec t s  very nearly cancel each other i n  most 

atoms, a s  i n  the  atoms of the  consti tuents of wood, cotton, and milk 

of magnesia. 

I f  an electron i s  moving i n  a c i rcu la r  o rb i t ,  there  ex i s t s  a 

de f in i t e  r a t i o  between the  magnetic moment and the  angular momentum: 

LetP represent the  magnetic moment and represent the  

angular momentum of the  electrons i n  o rb i t .  

Then the  magnitude of the  angular momentum is  

and i s  directed perpendicular t o  the plane of the orb i t ,  

where m = mass of the  orbi t ing e lectron 

v = velocity of the  orbi t ing electron 

r = the radius of the c i rcu la r  o rb i t .  

The magnetic moment of the  same o rb i t  equals current times 

area  

But = (q) ( f )  = (q9 ( G )  

- 
But J = mvr ------ from (1) 



- - 
J 

= ) ( )  ( )  ( )  ------ ( o r b i t a l  motion) 

It i s  also directed perpendicular t o  the  plane of the o r b i t .  Both j 

and - w i l l  be i n  the same direction,  as shown in Figure 2. F 

For any c i rcu la r  o r b i t  the  magnetic moment 

P L i s  (2n) times the  angular momentwn a .  

For an electron,  the  charge q i e  negative. Let it be -q,. 

rrsS 
4 . . f o r  an electron ( 1  - -  (electron (4 

orbi  t a l  raotisn) 

This equation i s  t rue  only f o r  "o rb i t a l  m ~ t $ a n , ~  but  t ha t  i s  ne t  the 

only magnetism t h a t  d s t e .  The e lectron also hag a spin  (aa noted 

e a r l i e r ) ,  and as  a r e s u l t  of th ia  spint  i t  has d i f fe ren t  values of j 

andF It can be s h m  by q u m t m  mech~nics' t ha t  for the Helsct ron 

spinn the  magnetic moment i s  twice t h a t  f o r  o r b i t a l  motion, 

-9e J i.e. ,F = (2)  (2) (j) . - (electron 
m 

I spin motion) 



In any atom there are,  generally speaking, several  electrons 

and many combinations of spin and o rb i t a l  rota t ions  which add vector i -  

a l l y  t o  a t o t a l  angular mo~entum and a t o t d l  magnetic moment. But 

F -qe -qe the r a t i o  of the  two, i .e., -, need not be e i t h e r  (-) or  (-), but 
J m 2m 

somewhere i n  between, because there  i s  a mixture of the contributions 

from the orb i t s  and the spins. 
L -ge Therefore, it i s  often writ ten t h a t v  = g (=) j where g i s  

known as  L a d e  I s  s p l i t t i n g  fac tor .  This f i c t o r  i s  character is t ic  of 

the  s t a t e  of the  atom. It would be 1 f o r  pure o r b i t a l  moment, o r  2 

f o r  pure spin moment, o r  some other number between 1 and 2 f o r  a 

complicated system l i k e  an atom. With the help of quantum mechanics, 5 

the value of the g-factor can be predicted f o r  m y  par t icu la r  atomic 
- 

s t a t e .  The above equation t e l l s  t ha t  the magnetic moment 

t o  the  angular momentum 5 but can have any magnitude. 

This can be extended t o  the  nucleus also. I n  the nucleus there 

a re  protons and neutrons which may move around i n  some kind of o rb i t  

and a t  the same time, l i k e  an electron, have an i n t r i n s i c  spin. Here - 
is pa ra l l e l  t o  j. Therefore, f o r  the nucleus) 

1 +9e 
= g (-) 5 

2 m ~  
(6 

where g i s  the mass of the proton and now g i s  called the Nnuclear 

g-factor," = ~ h i c h  i s  a number near 1, t o  be determined f o r  each nucleus. 

Another important difference For a nucleus is t ha t  the spin 

magnetic moment of the proton does not have a g-factor of 2, as the 
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electron does. For a proton, g = 2 (2.79) which has been obtained 

by the application of quantum mechanics. 

One of the  consequences of having the magnetic moment propor- 

t i ona l  t o  the angular momentm is  tha t  an atomic magnet placed a 

magnetic f i e l d  w - i l l  precess. Suppose tha t  the  magnetic moment i s  
- F 

suspended f r ee ly  i n  a uniform magnetic f i e l d  El,, It w i l l  f e e l  a 

F 
- 

torque? equal t o  the cross product of and Ho which t r i e s  t o  bring 

it i n  l i n e  wSth the f i e l d  direct ion,  But the  atomic magnet i s  a 
- 

gyroscope-it has the  angular momentum J. Therefore, the  torque due- 

t o  the magnetic f i e l d  w i l l  not  cause the magnet t o  l i n e  up. Instead, 

the magnet w i l l  precess. The angular momentum and with it the magne- 

t i c  moment precesses about an &a pa ra l l e l  t o  the applied external 

magnetic f i e l d  a s  shown i n  Figure 3. Now, consider Ff gure 4 whf ch 

is  a detai led reproduction of Figure 3, Suppose tha t  i n  a small 
- 

time, At, the angular momentum changes from J t o  F, staying always 

a t  the same angle @ w i t h  respect t o  the direct ion of %he magnetic 

f i e l d  Hoe Calling% as the angular veloci ty  of the precession, 

then, i n  the timedlt, the angle of precession i s  

From the geometry of Figure 4, it i s  seen t h a t  the change 

of angular momentum i n  the t imedt is 



Motion of a nucleus i n  a magnetic f i e l d .  

l Precessional o rb i t .  

2. Axis of rota t ion.  

3. Spinning nucleus. 

b. Direction of magnetf c f i e l d  Hoe  

* = 3 sineup ------ which mt be equal t o  the torque 
* *  A t  

Equating the magnitudes of the  torques, J s i n e  kJp =pHo s i n e  is 

obtafned. 



.". sin 6 = 00' 

oora@= A S  

(j sin g) (A@) = A e 7  

B U ~  Aea%nt 

. ( ) ( Q ~ A ~ )  =A; 

An object with angular momentum a d  a paral lel  

magnetic moment placed i n  a magnetic f i e l d  P 
8, precesses with the angular velocitycUp. 



1 .'. the  angular veloci ty  of prcice~sion6n)~ = j Ho 

But from equation (6) 

Mow, taking the  magnitude of qe and the  mass of the  proton, the  

proton resonance frequency i s  obtained. Subst i tu t ing equation (10) 

i n  equation ( 9 )  

Now, the  proton precession frequency 

therefore,  the  precession frequency is proportional t o  the  applied 

magnetic f i e l d ,  H, . 
To show t h a t  t h e  above equation i s  dimensionally t h e  same'. 

charge (coulombs) = Q 

time (seconds) = T 

2 -1 -1 magne%ic f l u x  density (weberimeter ) = MT Q 

mass (kilograms) = PI 

1 So, l e f t  hand side,  Ppf = - = T -1 
time 

r i g h t  hand s ide  gq, Ho rn-lQ-% 
E 

2mp2n = FI = T - ~ .  



Since the l e f t  hand side and the r igh t  hand s ide  both equal T - ' ~  the  

above equation i s  dimensionally t he  same. 

Now, t o  f ind  the proton precession frequency, the individual 

values are  substi tuted: 

the nuclear g-factor f o r  the proton = g = 2 x 2.79 

the proton charge = qe - 1.6021 x coulombs 

2 the  magnetic f l u x  density in Weber/meter = Ho 

the mass of the proton = mp = 1.67239 x kgs. 

The proton precession frequency 

2 
= 

2 x 2.79 x 1.6021 x 10-l9 coulombs x Ho ( ~ e b e r h e t e r  ) - 
2 x 1.67239 x kgs. x 2 m  

8 
- - - 1.395 x 1.6021 x 10 coulombs x Ho (weber/meterP) 

1.67239 x n k g s .  

2 Conzrerti ng Weberheter (which i s i n  m, k, s . un i t s )  i n t o  gauss (which 

is  i n  c.g.s. un i t s ) ,  1 weber/meter2 = 1$ gauss. 

8 
' 1.395 x 1.6021 x 10 esulsmba . Ppi = ( ) (Ao weber/meter2) 

1.67239 x yr k-gs . 

= (4.2408 x 107 2 
kgs - ) (H, Weber/meter ) 

= 4240.8 Bo 
s e eond 

= 4240.8 Ho Hertz, 



15 

This means the proton w i l l  precess a t  a frequency of 4240.8 times the 

applied magnetic f i e l d  (which i s  measured in gauss). Thus, by accurately 

measuring the value of Ho, the proton precession frequency can be pre- 

c i se ly  determined. 

'When the frequency of the ro ta t ing  magnetic f i e l d  (applied 

externally) and the  proton precession frequency become equal, they 

a re  said  t o  be i n  resonance. This phenomenon i s  known as "nuclear 

magnetic resonance. 

According t o  Plank's equation, when an atom has two levels ,  

say El and Q, which d i f f e r  i n  energy by the  amount&$s, then f t can 

make the t rans i t ion  from the upper l eve l  E2 t o  the lower l eve l  El 

by emitting a l i g h t  quantum of frequencyw, which can be represented 

by the equati on 

QU= h &  

where h is known as  Plank's Universal Radiation Constant. 
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This can be extended t o  the  nucleus also.  But, i n  the  nucleus ( i f  

i n t e r e s t  i s  only in the  nucleus of ordinary hydrogen, namely the  

proton), the  energy difference between the  d e f i n i t e  energy leve ls  

E2 and E l  is  so small t h a t  the  frequency does not correspond t o  l i g h t ,  

bu t  t o  radio frequencies. I f  there i s  an atom i n  a magnetic f i e l d ,  

then t rans i t ions  can be  caused from one s t a t e  t o  another by applying 

an addit ional electro-magnetic f i e l d  of the  proper frequency. In 

other  words, i f  there  i s  an atom i n  a strong magnetic f i e l d  and i f  

t he  atom is  wexcited" with a weak varying electromagnetic f i e ld ,  then 

there  w i l l  be a cer ta in  probabi l i ty  of hocking  it t o  another level ,  

provided the  frequency i s  nears i n  the  equation (13)- 

For an atom in a magnetic f i e l d ,  t h i s  frequency i s  j u s t  what 

was cal led e a r l i e r  Wp i n  equation (11). I f  t h e  atom i s  excited with 

the  wrong frequency, the  chance of causing a transitLon i s  very small. 

Thus, there  ex is t s  a sharp resonance a tWp i n  the  probabi l i ty  

of causing a t rans i t ion .  The energy absorption by lower leve ls  of a 

proton takes place only i n  resonance, which can be detected. 

It may be worthwhile t o  make an addi t ional  comment a t  t h i s  

point. There i s  no apparent reason why there  could not  a lso  be t rans i -  

t i o n  a t  the  frequencies 2%. But, d t h  the  o sc i l l a t i ng  magnetic f i e l d ,  

the  probabi l i ty  t ha t  a frequency 2% would cause a jump of two steps 

a t  once i s  zero. It is  only a t  the  frequencyWp tha t  t rans i t ions ,  

e i t he r  upward o r  downward, a re  l i k e l y  t o  occur. 6 

The Use of N.M,R, t o  Determine Moisture Content i n  Soi ls  

To begin with, the  problem was attacked in the  following manner: 



Forgetting f o r  awhile the  s o i l  port ion of the  t e s t  sample, it can be 

sa id  t h a t  the  remaining portion i s  mainly water. Water consis ts  of 

hydrogen and oxygen atoms. Usually the  isotopes present a r e  the  

ordinary hydrogen atom, namely l ~ L ,  and the  ordinary oxygen atom, 

Without much hes i ta t ion  it can be sa id  t h a t  the  small concen- 

2 3 t r a t i ons  of the  other  isotopes of hydrogen, 1H and 1 H  , and oxygen, 

and a re  negligible.  

In nuclear physics, the  usual representation of any atom i s  

Z ~ A  where Z stands f o r  the Atomic Number and A stands f o r  the  Atomic 

7 Mass Number. It has been shown i n  the t e x t  by J. A. Pople t h a t  

( i )  I f  both the  Atomic Number Z and the  Atomic Mass 

Number A are  odd, then the  nuclear spin  I i s  half  

1 in tegra l ,  l i k e  1/2, 312, 5/2.. . (lH belongs t o  

t h i s  case. 

( i i )  I f  both the  Atomic Number Z and the  Atomic Mass 

Number A a re  even, then the nuclear spin I i s  zero. 

Nuclei with spin  I = 0 have no nuclear magnetic 

spectra.  (8016 belongs t o  t h i s  case. Hence no 

energy absorption by 8016 occurs. ) 

Hence whatever spectra  obtained on the oscilloscope i s  only due 

t o  the energy absorption of the hydrogen nuclei  (proton). The s i ze  

(area) of the  spectra  depends on the number of protons present which 

i n  t u rn  indicates  the  amount of moisture present. I f  t.he percentage 

of moisture i s  large,  the number of hydrogen nuclei  present i s  large,  

and hence the  same spectrum appears with large area.  



It has been shown by quantum mechanics8 tha t ,  i f  I i s  the  

nuclear spin number ( t h a t  i s ,  the  i n t r i n s i c  angular momentum of the  

atomic nuclei ) ,  then, i n  the  presence of a magnetic f i e l d ,  each energy 

l eve l  i s  s p l i t  i n t o  (21 + 1 )  equally spaced sub-levels, 

For the  hydrogen nuclei, i.e., the  proton, the spin equals one- 

half  .9 So the number of possible or ientat ions  

The protons w i l l  thus have two energy levels  shown schematically i n  

the  sketch which follows. These a r e  of ten referred t o  as  stspin upw 

and "spin domett  I n  each case, the projected magnitude of the spin 

momentum is  1/2 ( ) , o r  1/2 h where h. i s  the  Modified Plank I s  Constant. % 

lower ! spin up 
energy 1/2 k 
l e v e l  + 
higher 4 

spin down 

direct ion 
of the  
appl i  ed 
magnet5 c 
f i e ld  Ho 

The spin up posi t ion i s  considered t o  be a low energy or  p a r a l l e l  

or ienta t ion i n  which the  atomic magnet i s  aligned with the  f i e l d ,  and 

the  spin down posi t ion corresponds t o  a high energy o r  an t i -para l le l  
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or ientat ion i n  which i t  i s  aligned against the  f i e l d .  During the 

energy absorption the spin up posit ion i s  re-oriented t o  the  spin 

down position, t h i s  phenomenon being known as 'PSpin-Flip Transition." 

A s  s ta ted by Andrew,'' when the nuclear moments a r e  i n  t h e m 1  

equilibrium with the  c rys ta l  l a t t i c e  i n  which they are  imbedded (which 

is the  usual case), then the  number of nuclei  in the  lower energy 

l e v e l  should be somewhat greater  than the number i n  the  upper level .  

Thus, the  process t h a t  takes place i n  the  resonance i s  the 

enerw absorption by the lower s t a t e  t o  become the higher s t a t e ,  t h i s  

energy being given by the  Radio Frequency Coil which surrounds the  

t e s t  sample. This Radio Frequency Coil a lso ac t s  as  a pickup element, 

sensing the signal induced which can be seen on the oscilloscope. 

The area under the s igna l  curve, i n  turn, gives the  amount of hydrogen 

present f n  the sample which, i n  turn, gives the  amoount of water pre- 

sent ,  Thus measurfng the  area under the s ignal  curve d i r ec t ly  o r  

ind i rec t ly  the moisture content i s  revealed, Finally,  it i s  planned 

t o  draw a graph of the area under the  s ignal  curve on the ordinate 

and the percentage of moisture content i n  the t e s t  sample on the  

abscissa. It i s  hoped tha t  a l i n e a r  relationship w i l l  be obtained. 

This statement i s  ju s t i f i ed  by the f a c t  t ha t  the  area under 

the  s igna l  mrve depends on t h e  number of hydrogen nuclei  per un i t  

volume of the  sample. This, i n  turn,  depends on the molar concentra- 

t i on  of the  hydrogen nuclei  ( the  percent moisture content) i n  the un i t  

volume of t he  sample. Developing t h i s  argument it can be s t a t ed  tha t  

i f  the  molar concentration of the hydrogen nuclei  per  uni t  volume is 
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l ess ,  the  asea under the  s igna l  curve i s  l e s s  and vice-versa. Hence 

a l i nea r  re la t ionship as shorn below can be expected. 

Area under 
the  s igna l  
curve 
(d i rec t  o r  
ind i rec t  
reading) 

Percent moisture content i n  the t e s t  sample 

Bow, j u s t  by measuring the  area of t he  s igna l  curve, which can 

be done very eas i ly ,  in a shor t  time the  percentage of moisture con- 

t e n t  i n  the t e s t  sample can be determined with the  aid of the  above 

graph, 

Relaxation Processes 

The relaxation processes have an extremely important e f f ec t  on 

t he  spectra. Reference t o  t h i s  w i l l  be made again in Chapter I V ,  

Section (c-2)- A c l ea r  def in i t ion  of re laxat ion processes has been 

given by ~ ~ e r . "  The relaxation processes a re  various types of radia- 

t ion less  t rans i t ions  by which a nucleus i n  an upper spin  s t a t e  re turns  

t o  a lower spin s t a t e .  Relaxation precesses a re  of two kinds: 

(i) apf n - la t t i ce  relaxation and 

(if) s p i  n-spin relaxation. 

The t e r n  l a t t i c e  r e f e r s  t o  the  framework of molecules contain- 

ing the  precessing nuclei. 891 of these molecules a r e  undergoing 



t rans la t iona l ,  rota t ional ,  and v ibra t iona l  motions and have magnetic 

properties.  Hence, a var ie ty  of small magnetic f i e l d s  i s  present i n  

the  l a t t i c e .  A par t icu la r  small magnetic f i e ld ,  properly oriented 

i n  the  l a t t i c e ,  can induce a t rans i t ion  i n  a pa r t i cu l a r  precessing 

n u c l e a ~  magnet from an upper s t a t e  t o  a lower s t a t e .  The energy from 

t h i s  t rans i t ion  i s  t ransferred t o  the  components of the l a t t i c e  as  

addi t ional  t rans la t iona l ,  ro ta t iona l ,  and vibrat ional  energy (spin- 

l a t t i c e  relaxation, sometimes referred t o  as  longitudinal  re laxat ion) .  

The t o t a l  energy of the system remains unchanged. Thus, a nucleus is  

returned t o  a lower s t a t e  from %n upper s t a t e .  This process maintains 

%n excess of nuclei  i n  a lover s t a t e ,  which i s  the condition necessary 

f o r  the  observation of the  nuclear resonance phenomenon. The spin- 

l a t t i c e  relaxation time i s  denoted by TI, 

Spin-spin re laxat ion is  effected by the  mutual exchange of 

spins by two precessing nuclei  i n  close proximity t o  one another. 

Associated with each precessing nucleus there  i s  a magnetic vector 

component ro ta t ing  i n  a plane perpendicular t o  the  main f i e l d .  I f  

two nuclei  a r e  i n  close proximity, t h i s  small rota t ing magnetic 

f i e l d  is  exactly what i s  required t o  induce a t rans i t ion  i n  the  

neigRboring nucleus. Although t h i s  m t u a l  exchange of spins (spin- 

sp in  relaxation,  sometimes cal led transverse relaxation) shortens 

the  l i fe t ime  of an individual nucleus i n  the higher s t a t e ,  it does 

not contribute t o  the  maintenance of the  required excess of nuclei  

i n  a lower spin  s t a t e .  The spin-spin relaxation time is denoted 



CHAPTER I11 

THE EXFER%MEEJTAE METHOD 

In  the f i r s t  par t ,  it was explained how the  application of 

M.M.R. principles  might be used t o  deternine the  moisture content 

i n  so i l s .  In t h i s  section,  the design and construction of the  

expertmental apparatus ell be considered. A var ie ty  of experi- 

mental problems were encountered. These dl1 be explained i n  the  

proper places of the ensuing t ex t .  

F i r s t ,  the  various par t s  of the  M.M.R. spectrometer a re  de- 

scribed and the method of assembling the  apparatus i s  given. The 

experimental procedure carried out t o  perform the t e s t  i s  then 

outlined. 

The apparatus consists  mainly of f i ve  par ts :  

( i )  a magnet ( e i t he r  e lect ro  o r  permanent) capable 

of producing a very strong homogeneesus f i e l d .  

( i i )  a means of continuously varying the  magnetf c 

f i e l d  over a svery small range-the magnetic 

f i e l d  sweep. 

( i i i )  a radio frequency osc i l l a to r .  

( i v )  a radio frequency receiver.  

(v) an oscilloscope. 



CHAPTER IV 

THE HAGNET 

The magnet i s  a very important par t  of the N.M.R. spectrometer. 

Only i n  the presence of a magnetic f i e l d  does the absorption of radio 

frequency radiation take place. 

Both permanent and electromagnets have been employed t o  supply 

the magnetic f i e l d  i n  N.M.R. spectroscopy. To obtain the hyperfine 

s t ruc ture  of the spectrum, the magnet should possess a f i e l d  homo- 

geneity of 1 par t  i n  lC18.12 The homogeneous f i e l d  i s  defined a s  the 

number of l ines  of magnetic force a d  the direct ion of the l i nes  of 

magnetic force per un i t  area i n  the a i r  gap should be of a constant 

value throughout the  a i r  gap. 

A permanent magnet and an electromagnet were used. The perma- 

nent magnet consfsted of two U-shaped magnetron magnets, The two 

magnets were connected i n  such a way t h a t  the  f i e l d  strength of each 

magnet was additive. That means the l i k e  poles of the two magnets 

were attached together as shown i n  Figure 5 .  By doing so, the  f i e l d  

strength was increased from 900 gauss t o  1,900 gauss. 

Two circular  pole faces made of s t e e l  were used, They were 

4-inches i n  diameter and l/4-inch thick,  resul t ing i n  an a i r  gap 

width of 3/4-inch. A small 1-inch cube of s t e e l  was welded t o  the 

center of the pole faces so t h a t  these pole faces could be held very 

neatly a t  the junctions of the two U-shaped magnets, S , S  and N,N, 

To insure a uniform f ie ld ,  the  faces of the c i rcu la r  pole pieces were 

made uniform and smooth. To get  a good homogeneity, it was necessary 



t ha t  great  care be taken t o  remove the machining marks by using a very 

good polish. As mentioned by Bloom and packard,13 the volume over 

which the f i e l d  i s  homogeneous depends on the r a t i o  of pole piece dia- 

meter t o  the a i r  gap width, It has been s ta ted  by Robert G. Marcley 14 

tha t  the r a t i o  of the  pole piece diameter t o  the a i r  gap width should 

be a t  l e a s t  5, An electrsmagnet, while not so convenient f o r  a labora- 

tory setup, can be used i f  adequate care i s  taken t o  insure a s tab le  

f i e ld .  This w i l l  require some method of automatic control and regula- 

t ion of the magnetizing c o i l  current. In  the  experimental setup the 

r a t i o  of the pole piece diameter t o  the air gap width was 5.33. 

A s  it was mentioned ea r l i e r ,  it i s  necessary t o  have a f i e l d  

8 
homogeneity of a t  least, 1 i n  10 t o  get  the required hy-perfine 

s t ruc ture  of the  spectra. With a l l  the precautions taken t o  obtain 

a good homogeneous f i e ld ,  it was f e l t  t h a t  the  resolution obtained 

3 was about 1 i n  10 . It has been pointed out by Robert G .  Marcley 15 

3 t h a t  a f i e l d  homogeneity of a t  l e a s t  1 i n  16 is necessary o r  e l s e  

the chances of gett ing the resonance i s  very remote, 

Setup Procedure f o r  Magneg 

The two U-shaped magnets were connected a s  shown h Figure 5. 

The necessary mechanical j i g  and f i x t a r e  arrangement was used t o  

hold the two magnets (and hence the ~ i r c u l a r  pole faces)  i n  posit ion,  

Extreme precaution was taken i n  s e t t i ng  up t h i s  arrangement s ince 

there  w i l l  be an intense magnetic f i e l d  present between the pole 

pieces, A non-magnetic material  such as  wood should be placed between 

the two pieces s o  t ha t  the fingers a r e  not caught. I f  wood i s  used, 

precaution ought t o  be taken so t h a t  it may not  spo i l  the shiny 



'Plan view fox- the  arrangement of magnets. 

1. A wooden plank of 16-inches x 5 B/2-inches x 1 l/2-tnches. 

2. A 3-inches x 1-inch x P/L-inch s t e e l  strip with holes d r i l l e d  

a t  the ends f o r  the inser t ion of bo l t s .  

3 .  The a i r  gap space between the pole faces f o r  the t e s t  sample 

and the modulation coils. 

4. &-inches diameter cSrcPnPar pole face. 

5 .  A 1-inch s t e e l  cubewelded t o  the center of the pole faces. 

6 .  P/&-inch diameter s t e e l  b o l t  3 l/2-inches i n  length, 
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surface of the  pole pieces. Also, because of the  danger of the  mag- 

n e t i c  f i e l d ,  w r i s t  watches should be kept a t  a distance.  

Measurement of the  Magnetic Fie ld  

After t he  c i r cu l a r  pole pieces were f ixed t o  the  magnet, t he  

f i e l d  s t rength was reduced considerably. It was reduced from 1,700 

t o  1,410 gauss. The f i e l d  measured was exact ly  i n  t he  center of the  

pole faces .  A micromanipulator was used t o  place t he  probe (and t h e  

gauss meter) exactly a t  the  center  of the pole pieces. 

Figure 6. 

Setup of t he  micromanipulator t o  measure t he  f i e l d  s t rength.  
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The reading obtained with the  gauss meter was 1,410 gauss. 

But the  gauss meter, being uncalibrated, read 2,260 gauss on a stand- 

2 500 
a rd  magnet of 2,500 gauss. Hence a correction f ac to r  of (*) was 

used. Thus, a b e t t e r  approach t o  the  magnetic f i e l d  a t  the  center = 

(1,410 x ) = 1,560 gauss. 

The electromagnet used was the  one b u i l t  by the  s t a f f  of the  

E l ec t r i c a l  Engineering Department i n  the  summer of 1966, Both the  

mafn and modulation co i l s  a re  wound on the  yoke, The magnet has 

approximately 700 tu rns  of m a i n  winding and 100 turns  of modulation 

winding. The wire used was 11 and 14 gauge copper wire respectively.  

It has a c i r cu l a r  pole face  of 1 414-inches diameter and 1 118 fnches 

a i r  gap width. There i s  a provision t o  ad jus t  the  a i r  gap width. 

With t h i s  setup, t he  r a t i o  of the  pole piece diameter t o  t he  a i r  gap 

width was 1,56. 

The magnet had about 40 gauss of res idua l  magnetism, This 

was because of the  previous magnetization. This res idual  magnetism 

was completely demagnetized by sending a DC current  i n  one par t i cu la r  

d i rec t ion  i n  one period and i n  t h e  next period in the reverse direc- 

t i on ,  This procedure was repeated, s t a r t i n g  from 7 amperes down t o  

0 amperes, descending a t  an i n t e r v a l  of -5' ampere each time, After 

repeating t h i s  procedure four  times, the  res idua l  magnetism a s  checked 

by a gauss meter was very near ly  zero. 

Using :. Hewlett Blackard RHarrison 62678" instrument which. 

gives a regulated supply of magnetizing c o i l  current, the  following 



graph ( ~ i g u r e  6) of magnetizing c o i l  current  versus f i e l d  in the  

a i r  gap was drawn. The process of ge t t ing  the  graph of B versus t he  

current  was repeated three  times. Sometimes, it was observed t h a t  the  

reading of f i e l d  obtained was s l i g h t l y  higher than the  corresponding 

previous readfng. This may have been due t o  the  res idual  magnetism 

t h a t  was present because of previous e x c i t a t i  on of the  f i e lde ,  o r  it 

may have been due t o  the  ins tab i l i ty ;6 f  t he  gauss meter. An average 

was taken of t he  readings a t  each l eve l  of current   a able 1 )  and a 

f i n a l  p l o t  was made a s  shown i n  Figure 6. 

Table 1. 

Calibration of current  versus magnetic f i e l d .  



Plot of magnetizing co i l  current versus 

magnetic f i e l d  in tens i ty  %n the a i r  gap. 



It i s  extremely desi rable  t o  have the  strength of t he  magnetic 

f i e l d  as high as  i s  p rac t ica l ly  possible. The reasons f o r  t h i s  a re  

threefold: 

(i) The chemical s h i f t s  a r e  proportional t o  the f i e l d  

strength.  Hence, higher f i e l d  s t rengths  r e s u l t  i n  

bcreased  dispersion of the spectrum. 

( i i )  A s  s t a ted  by ~ o p l e , ' ~  f o r  a given experimental arrange- 

ment a t  constant temperature and f o r  TI = T2 where T 1  

is sp in- la t t i ce  relaxation time and T2 i s  spin-spin re-  

laxation time, i t  i s  apparent tha t ,  a t  a given f ie ld ,  

the s igna l  strength (peak in t ens i t y )  i s  proportional t o  

where N1 - number of nuclei  (with spin  1/2) 

per un i t  volume 

1 = the  nuclear spin 

= the  magnetic moment 

Ho = the  steady magnetic f i e l d .  

Thus, the  higher the s t rength of the  magnetic f i e ld ,  

the  stronger the absorption s ignals .  

( i i i )  The s t rength s f  an absorption s igna l  re la t ive  t o  the  i r r e -  

ducible background of radio frequency noise var ies  with 

approximately one and one-half power of the f i e l d  strength. 17 

Hence, when considering t he  above points,  it i s  apparent 

t h a t  the higher f i e l d  i s  always desi rable ,  



Ear l ie r  it was shown by equation (12) $ha$ the proton precess- 

ion frequency was equal t o  the f i e l d  strength (gauss) tfmpwcs 4,246.8. 

This means tha t  resonance can be achieved through va:rlaL%sn sf %he 

frequency of the r f  f i e l d  or  by varying the magnitude of t he  s t a t i c  

magnetic f ie ld ,  in order t o  sa t i s fy  the above condftion. 1r.a this 

experiment, variation of the applied s t a t i c  f i e l d  %ec%mfque was employ- 

ed. 

The nagnetic f i e l d  sweeping coils may be conatmcteb i n  two 

ways. The f i r s t  method consists of winding a number o f  turns  on the 

two pole pieces of the magnet. In the second method, an alternating 

current i s  fed in to  a pair  of coi ls  h o r n  as Helmbs%tx coils which 

flank the sample wfth the i r  axes para l le l  t o  the d$ree.t%on of the 

s t a t i c  magnetic f i e l d  of the magnet. The modulation eofP ( ~ s h h o l t z  

coi l )  i s  driven by a variable voltage t rmsfomer .  The e u r ~ e n t  i n  the 

modulation coi l  produces a small f ie ld .  This f i e l d  al,%em~ately rein- 

forces and opposes that  of the main magnet. Hence, this allows the 

effective value of the magnetic f i e l d  Ho t o  be va f l ed  over a small 

range without detrfment t o  the homogeneity of the f i e ld ,  

Construction of the Helmholtz Coil 

The Hehholte co'il was wound on a 3 "78-ikachss d i~~meta r  by 

3/4-beh wide circular  plexiglass material. The width sf t h i s  tube 

i s  the same as the apace between the circular  pole pieces. A 5PY6-inch 
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diameter hole was d r i l l e d  i n  the  center  of the  tube t o  admit the  t e s t  

tube i n  which the  sample w i l l  be kept. Great care i s  required i n  

d r i l l i n g  t h i s  hole. To begin with, a 1132-inch hole was d r i l l e d  by 

giving a feed of 1164-inch each time. Then the  diameter was increased 

a t  the  r a t e  of 1132-inch u n t i l  t he  diameter reached 5116-inch. This 

job should be done with great  patience or  e l s e  the  probabi l i ty  of 

breaking the tube i s  very high. To s t a r t  with, the  tube was wound 

with 20 turns of 23 gauge enameled wire on each side, wound i n  the  

same direction.  Bupont" h e o  cement was used as  the  adhesive. Wen 

t h i s  was t r i e d  i n  the  setup, the  insulat ion of the  wire burned even 

a t  the low se t t i ng  (10 vo l t s )  of the  variable voltage transformer. 

Hence, the  number of turns was h e r e a s e d  t o  40 turns on each side.  

Even then the  r e su l t  was unsuccessful, 

Then a kind of 21 gauge wire which has a spec ia l  coating of 

high temperature r e s i s t a n t  varnish was used. This i s  a General E l ec t r i c  

product, having the  trade name oFormvar.w The f i e l d  modulation c o i l  

now consisted of 25 turns  in two layers  on each s ide  which eas i ly  

withstood a secondary voltage of the var iable  voltage transformer up 

t o  30 vo l t s .  

A smaller Helmholtz coi l ,  wound on a 2 l/k-inches diameter by 

11116-inch wide plexlglass tube with 20 turns on each s ide  wound in 

the  same direction,  was a l so  t r i ed .  A general schematic of the  above 

setup is shown i n  Figure 7. 

The t e s t  tube was 114-inch i n  diameter and 1 518-fiches long. 



Helmholtz and radio frequency cof l s .  

1. Hechanical support of the  t e s t  tube. 

2.  Teat tube, 

3 .  The outer  terminals sf the  rf cof l .  

b r .  Modulation c o i l  (Helmholtz co i l )  

5 .  PlexfgXass tube, 

6. Hodulatfon c o i l  terminals t o  var iable  v ~ l t a g e  transformer. 

A two-layer c o i l  of 1 8  gauge enameled magnetf c wire consf s t i n g  of 1s 
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turns  per l aye r  was wound on the  s t r a i g h t  portion of the  tube as  close 

as possible t o  t he  closed end. 

The rf c o i l  was b u i l t  i n  the  f o l l o d n g  manner. F i r s t ,  a t h in  

coat of mKrylonn cnysta l  e lea r  spray coating was given. To a. s l i g h t  

extent, t h i s  coating served as an adhesive. Then the  t a u t  enameled 

wire was  slowly wound on the  coated surface of t he  t e s t  tube, taking 

care t o  see t h a t  the  co i l s  did not  overlap. After winding 15 turns ,  

one more coat of Krylon spray was given, and t h e  second l aye r  of 15 

tuns was wound. b p o n t  's Duco cement was applied qu i te  f ree ly  so  

t h a t  the  end co i l s  would not s l i d e  away. One more coating of spray 

was given, and the  c o i l  was l e f t  t o  dry f o r  24 hours. 

The t e s t  tube was admitted i n  such a way t h a t  i t s  axis  was 

concentric xdth the  biasing f i e ld ,  and a mechanical support was i n s t a l l -  

ed a s  shown i n  Figure 9 .  The leads  of the r f  c o i l  were taken out 

through a 1/8-inch d i  m e t e r  hole d r i l l e d  on the  surface of the p l e d -  

glass  tube. 

A 3/8-inch diameter t e s t  tube was a l so  t r i e d  as a sample c o i l  

f om.  



CHAPTER V I  

RADIO FREQUENCY OSCILLATOR 

There a re  many kinds of radio frequency osc i l l a to r s  mentioned 

i n  the  l i t e r a t u r e .  Basically, they can be divided i n t o  two categories, 

namely, ( i )  Pound-Knight-Watkins marginal o sc i l l a to r ,  and ( i i )  Super- 

regenerative N.H.R, detectors.  The pr inciple  of the  Pound-Knight-Watkins 

o s c i l l a t o r  i s  t h i s :  the  osc i l l a t ion  l eve l  of an L.C, o sc i l l a to r  is  

adjusted t o  a point  a t  which i t  barely osc i l l a tes .  The t e s t  sample 

containing pa r t i c l e s  having nuclear o r  electron spins, placed i n  the  

s o i l  of the osc i l l a to r ,  absorbs energy from the r f  f i e l d s  i n  the  c o i l  

a t  resonance, This absorption produces a change i n  the  inductance of 

the  c o i l  which r e s u l t s  i n  a decrease of Q of the  resonance c i r cu i t .  

Now, since there  i s  a change i n  t he  impedence of the  c i rcu i t ,  the  

p l a t e  current of the  o s c i l l a t o r  tube changes. This change i s  ampli- 

f i e d  by an audio amplifier and can be observed on an oscilloscope. 

The d e t a i l s  of the  c i r cu i t ry  and design have been given i n  The 

Versat i le  Magnetic Resonance Spectrometer by J. A.  Cowen, 18  

The c i r c u i t  b u i l t  was a low frequency superregenerative o sc i l l a -  

t o r  su i tab le  f o r  the  detection of Broad-Line N,PI.R., s i m i l a r  t o  the 

one described by Narath, e t  a1.19 This kind of c i r cu i t  possesses a 

def in i te  advantage over the marginal osc i l l a to r .  This l i e s  i n  the 

a b i l i t y  of the  superregenerative device t o  provide high r f  f i e l d  

levels  within the sample coil .  The ease with which the operating 

frequency may be swept over a wide range without degradation i n  



s e n s i t i v i t y  i s  an addi t ional  property which makes t h i s  type of detector  

a valuable tool.  This i s  par t icu la r ly  t rue  i n  the  type of experiment 

under consideration where the  resonating frequency i s  not known. 

Superregenerative lfdetectorsw a r e  high gain r f  amplifiers which 

a r e  characterized by the  a l ternat ing buildup and decay of se l f -osc i l l a -  

t ions  i n  an r f  oscf l l a to r .  This quenching action i s  normally brought 

about by applying a periodic quench voltage t o  one of the  control 

elements of the  o sc i l l a to r .  

Two operating modes can be distinguished, namely, ( i )  the  l i n e a r  

mode, and ( i i )  the logarithmic mode. The l i n e a r  mode r e s u l t s  when the  

o s c i l l a t o r  i s  quenched before the  l imit ing r f  l e v e l  i s  reached. The 

logarithmic mode r e su l t s  when the  o s c i l l a t o r  i s  p e d t t e d  t o  reach a 

l imit ing l e v e l  before the  @luench cycle i s  i n i t i a t e d .  I l l u s t r a t i ons  of 

these two modes, as obtained from the o sc i l l a to r ,  are  shown i n  Figure 8. 

It should be noted here t h a t  the  superregenerative o sc i l l a to r  

ac t s  both as  a transmftter  and as  a receiver. That means, during 

periods, the  o s c i l l a t o r  gltransmitsn magnetization t o  lower energy 

protons, which is then vlreceivedw during t he  subsequent $'offn periods 

( f l ip-f lop motion) . The s t ab l e  operati  on of a superregenerative 

o s c i l l a t o r  over a wide range of radio and quench frequencies generally 

requires a logarithmic mode. In  t h i s  mode the  amplification of the  

.signal r e l a t i ve  t o  noise i s  represented by the  following approximate 

fncremental area  under the output envelope. 2 0 



Figure 8. 

a, the  bottom f igure ,  indicates  the  l i n e a r  mode. 

by t he  middle f igure ,  indicates  the  logarithmic mode (or  sa turat ion 

mode) . 
c, t he  top f igure ,  indicates  the  logarithmic mode spread on a time 

base. 

where Vm = l imi t ing  r f  l eve l .  

TI = time constant f o r  r f  buildup. 



and V1, V2 = the  t o t a l  r f  voltages 

( i ncluding noise components) 

impressed on the  c i r c u i t  a t  

the  s t a r t  of the  buildup i n  

the  absence and presence of 

the  sample respectively.  

Figure 9 .  

Posit ion between a l i n e a r  and a logarithmic mode. 

v2 Now the  r a t i o  (-) i s  s l i g h t l y  l a rge r  than uni ty  and the  incre- 
v 1  

mental area  i s  given f o r  a f a i r  degree of approximation as:  2 1 

v s 
A 1  = VmTlq, where Vs i s  the  nuclear s ignal  

(vs = V2 - V 1 .  Vs w i l l  be of a very small magnitude). 

The amplification of the  modulation products of the  resonance is, 

therefore,  given by 
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where fq  i s  t he  quench frequency. From t h i s  it i s  c l ea r  t h a t  t he  

s e n s i t i v i t y  is grea t ly  enhanced by reducing V 1 .  I n  order t o  achieve 

a low value of a t  t he  high quench frequencies required f o r  the  

ae tec t ion  of broadlines, it i s  necessary t h a t  the  time constant f o r  

t h e  decay of o sc i l l a t i ons  be qu i te  shor t .  This rapid  quenching act ion 

must be achieved without ser iously  lowering T7,. 

An extremely good c i r c u i t  su i tab le  f o r  the  above work has been 

designed by C. Dean of Harvard universi ty ." A simple nodif i ca t ion  

of t he  Dean-type p l a t e  detection superregenerative o s c i l l a t o r  has 

been done by U b e r t  Marath and i s  shown i n  F i p e  10. 23  his c i r c u i t  

was used i n  the experimental setup.  

The reason f o r  the  addit ion s f  an RC f i l t e r  network i n  the  

c i r c u i t  is  discussed by Warath as  follows. 21r 

A t  frequencies below about 18 Mc, in terference between 
the  quench frequency and the  radio  frequency i s  sometimes 
observed wfth the  above c i r cu i t .  This in terference i s  
caused by harmonics of the  quench s igna l  which can be de- 
t ec ted  by the  superregenerative o sc i l l a t o r ,  thus giving 
r i s e  t o  spurious outputs a t  in te rva l s  of t h e  quench f r e -  
quency. I n  one instance t he  o s c i l l a t o r  was observed t o  
frequency-fsek t o  successive harmonics as the  tuning capa- 
c i t o r  was swept; i n  t h i s  mode the  o s c i l l a t o r  frequency 
jumps discontinuously ins tead of varying smoothly with 
capacitor s e t t i ng .  This in terference i s  not a l w a ~ s  su f f i -  
c i en t l y  ser ious  t o  a f f ec t  the  performance of the  device 
f o r  H.M.R, detection.  It can, however, be almost com- 
p l e t e l y  eliminated by the  inse r t ion  of an RC f i l t e r  net-  
work between t he  quench ampli f ier  and t he  o s c i l l a t o r  
grid,  as i n  c i r c u i t  (B) shown i n  Pig. 2 .  The f i l t e r  
g rea t ly  reduces t he  harmonic content of t he  quench s igna l  
seen by the  o sc i l l a t o r ,  without reducing the  effect ive-  
ness sf the  quenching action.  The use of paral le led 
tubes i n  c i r c u i t  (B) increases the  power handling capacity 
of the  quench and o s c i l l a t o r  sections.  The l a t t e r  makes 
it possible t o  use lower L/C r a t i o s  i n  t h e  tank c i r c u i t  
without reduction i n  r f  l eve l ,  The use of p a r a l l e l  e le -  
ments i n  the  o s c i l l a t o r  sect ion usually requires separate 
p l a t e  load r e s i s t o r s ,  as  shown, i n  order t o  eliminate high 
frequency i n s t a b i l i t i e s  i n  which the  two sect ions  a re  e f -  
f e c t i ve ly  i n  s e r i e s  r a the r  than i n  pa ra l l e l .  



0,801 f 160 B 

LC = 100-1000 R ++ Not on original 
design reported 

R, = 1.2 K fixed or 2 K variable by Narath. 

Schematic sf superregenerative oscillator 

for the detection of broadline MOMOR. 
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The tubes used were 12 AU7A. F i r s t ,  t h i s  c i r c u i t  was b u i l t  

on a "vector b0ard.l' The o s c i l l a t o r  could not be made t o  o sc i l l a t e ,  

as there  was much A.C. pickup i n  the  f i l ahen t  and B+ leads because 

of a high l e v e l  of 60-cycle A.C. s ignals  in the v i c in i t y .  Hence, 

grea t  care was taken t o  make good ground connections and eliminate 

t h e  A.C. pickup. The complete c i r c u i t  was again b u i l t  i n  an aluminum 

box 16-inches by 5-inches by 3-inches. This setup worked very well .  

Figure 11 shows a photograph of the  o s c i l l a t o r .  

The radio frequency oscf l l a to r .  
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A small synchronous motor having an spm of 0 , s  was attached 

t o  the knob of the dual capacitor, using a j i g  and f ix ture  arrange- 

ment as  shown i n  Figure 11, An on-and-off switch was connected t o  

this synchronous motor t o  a id  i n  correct  tuning. This a l so  helps i n  

ge t t ing  a l i nea r  sweep sf the capacitor, The use of a tuning motor 

ass is ted materially i n  eliminating s t r ay  capacitance as was present 

with manual tuning- 

The quench frequency s ignals  range from 80 Kc t o  120 Kc. 

Resonance w i l l  occur above 5 Mc, It dl1 occur somewhere near 

1,560 x 4,240.8 = 6.63 Mc, Then, on the screen of the oseflloaeope, 

the  spectrum obtained w i l l  be seen as 6.63 Hc superimposed on the 

top of the quench frequency, 120 Kc. The spectrum is shown sche- 

matt cally.  
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Now by sui tably  designing %n RL network, it is possible t o  

eliminate completely a l l  of the  frequencies below 5' Mc. The response 

of the o s c i l l a t o r  w i l l  be of a constant magnitude a f t e r  5 Mc. For 

t h a t  c i r c u i t  following Bode p lo t  i s  assumed. This is  shown schemati- 

c a l l y  i n  Figure 12.  

Assmed Bode p l o t  f o r  the  f i l t e r .  

The spectrum should then look l i k e  

The impedance of t h i s  f i l t e r  may be wr i t t en  i n  the Laplace 

form as 



Dividing equati on (16) by S: 

Now, on the lefthand side, the impedance Z has unit i n  ohms, 

I 
t. the righthand side ( ) should have wit as = -"$-- - 

ohms 

a 1 
admittance 

5 
.o. admittance = ( 1  + 3) (18) 

The genera1 Laplace representation for paral lel  c i rcui t  i n  admittance 

i s  

1 1  
Total admittance Y = CS + 2 + 

The Laplace representati on of the c i r cu i t  f o r  equation (17) 

in admittance w i l l  be 



1 1  
Total  admittance ab = 9. a 

1 l 
From equation (18), 9 = 3 + 7 

Since calculations are done with megacyeles/sec t he  value of 

the  inductance obtained wil l  be i n  microhenries. The res is tance 

value i s  no t  affected by the value of the  frequencies. 

P -6 .'. the  values of L = 7 x 10 Henries, 

The c i r c u i t  diagram wi1P look Piker 

But the  input  impedance Pooks l i k e  5'0 ohms. This 5'0 ohms i s  

t he  res is tance of the  cable from t h e  oscf l%ator  t o  t h e  input  of the  

scope and t h e  input-output measuring devices, Thus, the t o t a l  input 

r e s i  stance ell be 50 o h 8  , 

.". NomPizfng the above values sf fi. and L by 50: 

Resistance, R = P ohm x 50 = 50 o h 9  

P 
Inductance, I = g p h  x 50 - 



This 10 microhenries was connected near the  output of t h e  o sc i l l a to r  

as shown i n  Figure PO. The r e s u l t  of t h i s  RL network synthesis ob- 

tained was excellent .  This can be ver i f ied  by looking a t  Figure 8. 

0s cil loscope 

The oscilloscope used throughout t he  experiment was a Model 545 

Tektronfc. 



CPIAPTEZ V I I  

P R O C E D m  AWD EXPERIPIENTU SETUP USE33 

The components described above were a l l  connected together as  

shown i n  Figure 13, and the  f i n a l  experiments were conducted i n  the  

following manner : 

Schematic diagram of the  setup f o r  the  N.M,R. experiment. 

T = sample t e s t  tube. C = rf coi l .  

PIC = modulation coi ls .  M = magnet. 



Figure 14. 

The instrumental setup f o r  the  experiment. 

Three cc. of d i s t i l l e d  water was taken i n  a 3/8-inch diameter 

t e s t  tube and placed i n  the  pulsat ing magnetic f i e l d .  The various 

instruments were adjusted as shown below: 

( i )  Hewlett-Packard r .m.s . voltmeter-3 v/ r  .m.s . 
( i i )  Hewlett-Packard wide range oscil lator-80 Kc (not 

c r i t i c a l ) .  

( i i i )  Superregenerative detector-the dual capacitor i s  





s e t  f o r  minimum frequency ( the  p la tes  of the  

capacitor f u l l y  meshed i n ) .  

( iv)  Variable voltage transformer setting-10 vo l t s  

(not c r i t i c a l ) .  

The power supply of a l l  instruments were turned on, including 

the  calibrated short-wave radio receiver.  This receiver was equipped 

f o r  continuous wave reception. The osc i l l a to r  s ignal  was heard as a 

s h r i l l  whist le which was picked up on the receiver.  Now, the switch 

of the  synchronous motor was turned on, which changes the  o sc i l l a to r  

frequency. The changed osc i l l a to r  f r e ~ u e n c y  was detected again on 

the receiver.  The reading of the  r,m.s. voltmeter was noted. This 

process was continued u n t i l  the o s c i l l a t o r  dual capacitor has reached 

i t s  maximum value ( the  p la tes  of the  capacitor a r e  f u l l y  opened) 

which corresponds t o  7 megacycles. The readings of the r.m.s. vol t -  

meter were noted a t  i n t e rva l s  of 1/2 megacycle. 

Table 2 shows the readings obtained with and without the  

sample in the magnetic f i e l d ,  This experiment was repeated three  

times and the  values obtained are  l i s t e d .  An average of these values 

was plot ted and Figure 15 was obtained. 

By looking a t  Figure 15, it was impossible t o  discern whether 

there  was any resonance o r  not. The use of an r.m.s. vdltmeter and 

a short-wave radio receiver i n  the  setup gave the  necessary da ta  t o  

draw the Figure 15. Perhaps there  was no observable change i n  the  

readings of the voltmeter even though the  nuclei  were under resonance 

because of very sluggish energy changes, and the discrepancy obtained 



Table 2 ,  

Calibration of frequency of the o s c i l l a t o r  versus r.m.s. vo l t s .  

Frequency r . m . s .  voltmeter reading r.m.s. voltmeter reading 
i n  Mc on x 10-I without t he  r 10-I with the  
t he  shor t -  t e s t  sample t e s t  sample 
wave radio 

I I I I11 average I I1 I11 average 
vo l t s  vo l t s  





k ' ~ g u a . e  ik a - 
Plo t  of  frequency osc i l l a to r  versus r . m , s .  vo l t s ,  - -+ ind ica tes  the  tes t .  tube containing the  sample. - e -A +indicates the  t e s t  tube without t he  sample. 
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in Figure 15 may be a t t r ibu ted  mainly t o  the d i f f i c u l t y  i n  reading 

the  r.m.s, voltmeter a t  a f a s t  ra te .  Figure 16 shows the  t racing of 

the  above experiment obtained on an X-Y Recorder. There was no sign 

of resonance. In f a c t ,  t h i s  was t r u e  i n  the experimental setup and 

the  reason f o r  t h i s  w i l l  be explained l a t e r  i n  th is  chapter,  

Amplitude of 
t he  O s c i l l a t o ~ : ~ ~  
Gatput 

Frequency of the  Osci l la tor  

Tracing of amplitude of the  o s c i l l a t o r s s  output versus frequency 

of the  osc i l l a to r ,  d i s t i l l e d  water being the sample. 

(~eproduced from the original f o r  c l a r i t y .  The ordinate reading' is  on 

an a rb i t r a ry  scale  1-inch = 0.1 vo l t s . )  
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Now, a solut ion was prepared by dissolving 0.4 grams of f e r r i c  

n i t r a t e  i n  100 cc. of d i s t i l l e d  water. Three cc. of t h i s  solut ion in 

a t e s t  tube was placed i n  the  pulsat ing magnetic f i e l d .  It w i l l  be 

made c l ea r  l a t e r  why f e r r i c  ions were used i n  the  sample. The dual 

capacitor of the  o s c i l l a t o r  was f u l l y  meshed i n  by l i f t i n g  the  mechani- 

c a l  f i x t u r e  of the  synchronous motor ( ~ i g u r e  17 ) .  The X-Y Recorder 

was  readjusted f o r  a new s e t  of readings ( ~ i ~ u r e  18). 

Figure 17 ,  

Synchronous motor attached t o  the  dual capacitor and the  

r e se t t i ng  of the  capacitor by l i f t i n g  the  mechanical f i x tu re .  



Figure 18.  

Readjustment of the  X-Y Recorder. 

Figure 19 shows the  t rac ing  of the  above experiment obtained 

on the  X-Y Recorder. A very i n t e r e s t i ng  phenomenon can be observed 

i n  the  t rac ing  a t  6.7 megacycle, This l i t t l e  peak may be due t o  the  

energy absorption a t  the  resonance. But it i s  occurring at  a magne- 
6 

t i c  f i e l d  i n t e n s i t y  of 6*7 lo = 1,580 gauss. The main magnetic 

f i e l d  s t reng th  was  1,560 gauss. The t o t a l  magnetic f i e l d  between 



Amplitude of 
t h e  Oscillator 
Output 

Frequency of the Oscillator 

Tracing of amplitude of the s s c i l l a t o r ~ s  output 

versus frequency of the osc i l la tor ,  f e r r i c  n i t r a t e  

dissolved i n  d i s t i l l e d  water being the sample, 

(Reproduced from the or iginal  f o r  c la r i ty .  The ordinate reading is 

on an arbi t rary scale 1-inch = 0.1 vol ts  ,) 
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the  pole pieces can be expressed as  1,560 A 1  s i n  376t where A 1  i s  

the  amplitude of the  wave i n  the  sweep co i l .  This means t h a t  1,580 - 
1,560 = 20 gauss i s  due t o  the  term + A 1  sin 376t. Approximately 30 

v o l t s  r.m.s. was applied t o  the  Helmholtz co i l .  

Now, a s o i l  sample was prepared i n  the  r a t i o  1 0  percent water, 

90 percent s o i l  by volume, and the  above experiment was repeated. It 

was v e q  in te res t ing  t o  note t h a t  the  t racing (Figure 20) obtained on 

the  X-Y Recorder was almost i den t i ca l  with the  one obtained using the  

f e r r i c  n i t r a t e  sample, with the  previously noted peak missing, 

New samples containing 50 percent and 90 percent of water were 

prepared and the  above experiment was repeated. The tracing obtained 

i n  each case was almost iden t ica l  t o  the  one obtained using 10 per- 

cent water. Then, a f t e r  noticing these tracings,  it was speculated 

whether o r  not the  l i t t l e  peak corresponding t o  6-7 megacycle was 

r ea l l y  due t o  resonance, Hence, l a t e r ,  it was decided t o  use the  

ac tua l  N.M.R. analyzer. 

Figures 22 and 23 show the spectra  obtained using the  Varian 

A-60 process analyzer of the physical science department. In t h i s  

equipment, the  magnet has a f i e l d  of 14,092 gauss, which corresponds 

t o  60 Mc. The sample was taken i n  a spec ia l  kind of t e s t  tube l/8- 

inch i n  diameter and 6 1/2-inches long. The sample volume was 3 cc. 

the  following samples were taken, the  r a t i o  of the compound and 

water were on a volume basia. 

( i )  Dis t i l l ed  water. 

( i a ]  10 percent calcium oxide dissolved i n  90 percent 

d i s t i l l e d  water, 



Frequency of the Osc i l l a to r  

Tracing of the  sample containing 

10 percent water and 90 percent s o i l .  

(~eproduced from the o r i  g inal  f o r  c la r i ty .  The ordinate reading is 

on an a rb i t r a ry  s ca l e  1-inch = 0.1 vo l t s . )  







( i i )  10 percent magnesium su l f a t e  dissolved i n  90 

percent d i s t i l l e d  water, 

( f i i )  10 percent f e r r i c  chloride dissolved i n  90 per- 

cent d i s t i l l e d  water, 

( iv )  10 percent s o i l  (obtained just i n  f ron t  of t he  

Physical Seience Building) suspended i n  90 per- 

cent d i s t i l l e d  water, 

(v) 90 percent s o i l  obtained jus t  i n  f ron t  of the  

Physical Science Bui ldbg)  suspended i n  10 per- 

cent d i s t i l l e d  water. 

(v i )  75 percent s o i l  (Fbbertis  Fine Ash from 

southern Idaho) suspended i n  25 percent dis-  

t i l l e d  water. 

The samples were kept spinning during the experiment. Spinning, 

as  pointed out by ~ l o c h , ~ 5  w i l l  improve the  effect ive f i e l d  homogeneity. 

It i s  the pract ice  of organic chemists t o  take the spectnun of Tetra- 

methylsilane (T%) f i r s t  and use it as  the referenee compound, TMS i s  

chemically i ne r t ,  magnetically isotropf c, and  vo l a t i l e  (boi l i n g  point, 

27' F), 

An extremely in te res t ing  phenomenon was observed i n  the spectrum. 

In  the case of dfst-fl led water, magnesium su l f a t e  with d i s t i l l e d  water 

and calcium oxide t d t h  d i s t i l l e d  water, very good peaks were obtained 

which c lear ly  indicates  the  energy absorption h resonance. But, i n  

the  case of the sample contatning 90 percent s o i l  and 10 percent d i s -  

t i l l e d  water, t he  spectrum was completely wiped out, and instead 
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approached a  horizontal  s t r a igh t  l i n e ,  The same thing happened even 

in the case of the sample containing "7 percent Robert's Fine Ash and 

25 percent d i s t i l l e d  water. It was jus t  impossible t o  reason out 

t h i s  "wipingq8 phenomenon, and there  i s  not much work done on t h i s  

phase of the  problem. After making a  thorough l i t e r a t u r e  survey, an 

inference was dram.  Though t h i s  inference gives a  very sa t i s fac tory  

explanation of the  phenomenon, there  may be addit ional unknown causes. 

A s e t  of elements known as " t rans i t ion  defined a s  

those which have pa r t l y  f i l l e d  e lectrons  i n  the d  o r  f  she l l s ,  have 

cer ta in  general propertdes i n  common as  shown 'below. 26 

( i )  They a re  a l l  metals. 

( i i )  Because of p a r t i a l l y  f i l l e d  she l l s ,  they form 

a t  l e a s t ,  some paramagnetic compounds. 

The t r ans i t i on  elements can be broadly divided i n t o  

( i )  The f i r s t  t rans i t ion  se r ies ,  and 

( i i )  The second t r ans i t i on  se r ies .  

The f i rs t  t rans i t ion  s e r i e s  can be exemplified by the nanomalons~s 

configurations of the atoms of chromium and copper.27 They a re  

shown i n  Table 3 ,  

Table 3,  

The f i r s t  t rans i t ion  s e r i e s ,  



In  the second t rans i t ion  ser ies ,  the i r r e g u l a r i t i e s  become 

more complex, as shown i n  Table 4. 

Table 4. 

The second t rans i t ion  se r ies .  

The number ( f o r  example, 4 i n  bs) stands f o r  the  Principal Quan- 

tum Number, and the  l e t t e r  a 'in 4s corresponds t o  the  values of L, the  

Azimuthal Quantum Number, i n  the  followtng way. 

L = O  1 2  3 4 5 

s p d f g k  

The f i r s t  four  l e t t e r s  are arbi t rary,  but following f they go i n  alpha- 

b e t i c a l  order. 

The presence s f  paramagnetic molecules ( a l l  the elements mentioned 

'in the  above tables)  have an extremely in te res t ing  influence on the  

width of the spectra.27 These paramagnetic molecules give r i s e  t o  what 

i s  hm as Npar%magnetic broadening, "28 Wiping of the spectra i n  the 

case of 90 percent s o i l  and 10 percent d i s t i l l e d  water %nd a l so  i n  the 

case of 35 percent Robertss Fine Ash and 25 percent disti1Eed water 

can be explained only by the presence of paramagnetic molecules. These 

paramagnetic molecules give r i s e  t o  parmagnetic broadening which 

r e s u l t s  i n  t ha t  the spectrum becoming a horizontal  l i n e .  
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The same experiment was conducted again, but the  proportion 

was changed t o  10  percent s o i l  and 90 percent d i s t i l l e d  water. A 

second in te res t ing  phenomenon was observed fn the  spectrum of t h i s  

sample. A peak was obt.ained which was s l i g h t l y  sh i f ted  t o  the r i gh t  

of the reference v e r t i c a l  ax i s ,  The height of the  peak was f a r  below 

the  height of the peak due t o  d i s t i l l e d  water. It can be very well 

inferred t ha t  because of the presence of jus t  10 percent s o i l  the 

e f f ec t  of paramagnetic molecules i s  l e s s  compared t o  the e f f ec t  pro- 

duced i n  the  case of 95 percent and 90 percent s o i l ,  and hence the 

spectrum is  not wiped out. 

It i s  qu i te  in te res t ing  t o  discuss why the peak i s  s l i g h t l y  

sh i f t ed  t o  the r i gh t ,  It is  extremely d i f f i c u l t  t o  say why t h i s  

happens. comments about the  magnetic shielding of electrons.  

The ne t  magnetic f i e l d  Heff = Ho -QHo whereP310 i s  the f i e l d  induced 

by e lectronic  c i rculat ions ,  But i n  the case of 10 percent s o i l  and 

90 percent d i s t i l l e d  water it can be argued t h a t r H o  somehaw adds ko 

Wo which increases the  effect ive  magnetic f i e l d  which causes the  

peak t o  be sh i f ted  t o  the  r i gh t .  The s h i f t  may be mainly due t o  the  

material  present i n  the  sample. 

Another possible explanation may be the binding occurrence of 

of hydrogen - s o i l  consti tuents.  t$u3O comments about marked indica- 

t i on  of in te rac t ion  between the clay surface and the  f i r s t  l aye r  of 

i n t e r f a c i a l  water showing a  subs tan t ia l  reduction i n  the mobility of 

the  water. Surface in te rac t ion  with the second layer  i s  c lea r ly  much 

l e s s  intense than with the  f i r s t  and N.M,R. data  obtained by Wu pro- 

vides an evidence of subs tan t ia l  in te rac t ion  i n  water f i lms many 



molecular diameters thick,  Although i n i t i a l l y  adsorbed water molecules 

are  under constraints t h a t  reduce t h e i r  freedom of motion, thermal agi- 

t a t i o n  i s  s t i l l  suf f ic ien t  t o  permit complete exchange with deuterium 

oxide, indicating that  t h i s  water ~ e t a i n s  .&he mobility , ~ f  a f l u i d  

t o  a large degree. Zimmerman, e t  al.,31 conducted N.M.R. s tudies  of 

water adsorbed by s i l i c a  ge l  and have come t o  the same conclusions as 

above. 

I n  the above discussion (90 percent s o i l  and 10 percent dis-  

t i l l e d  water; 75 percent Robertss Fine Ash and 25 percent d i s t i l l e d  

water) wiping of the spectrum was at t r ibuted t o  the presence of para- 

magnetic molecules. This r e su l t  was very well jus t i f ied  by the 

spectrum obtained i n  the  case of 10 percent f e r r i c  chloride (which 

i s  a paramagnetic molecule) dissolved i n  90 percent d i s t i l l e d  water. 

In  t h i s  case the s p e c t m  obtained was a mere horizontal l i n e  as 

shown in Figure 22.  

That means even the presence of 10 percent f e r r i c  chloride i s  

su f f i c i en t  t o  wipe out the spectrum which places a ra ther  low proba- 

b i l i t y  of success using t h i s  method sf determining the moisture 

content i n  s o i l s .  It i s  qu i te  cer ta in  t ha t  i n  s o i l s  more than one 

paramagnetic molecule w i l l  be present. Table 532 shows the usual 

consti tuents of the so i l s .  

Now, it w i l l  be made clear  why f e r r i c  n i t r a t e  was added i n  

the experiment conducted i n  the experimental setup; f e r r i c  n i t r a t e ,  

which contains a paramagnetic molecule, helps t o  get  a v i s ib l e  spec- 

trum even i n  a very crude setup, such as the one bu i l t .  This a l so  

demonstrates t ha t  no v i s ib l e  spectrum w i l l  be seen without the  
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addit ion of f e r r i c  n i t r a t e  t o  d i s t i l l e d  water. I n  the  case of t he  

Varian A-60, N.M.R. spectrometer, the e f f e c t  of paramagnetic molecules 

i s  strong enough t o  wipe out the  en t i r e  spectrum. 

Table 5 .  

Content of consti tuents of s o i l s  by weight. 

Barnes Cecil Sandy Colum- 
Igneous Loam, % Caribou Clay Loam, % biana 
Rocks, $ (South Loam, $ ( ~ o r t h  clay, % 

Constituent ( ~ v e r a g e  Dakota) (Maine Carolina) (Costa Rica) 

Sf 02 

U2O3 

F ~ O ;  

~ i 0 ~ *  

mo* 

CaO 

MgO 

X20 

Ha20 

p205 

SO3 

Igni t ion l o s s  

Organic matter 

Nitrogen 

@paramagnetic molecules 
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The following spec t ra  were obtained using The Atomic Labora- 

t o ry ' s  - Combination Nuclear Magnetic and Electron Spin Resonance 

Instrument of t he  physics department. The equipment consis ts  of an 

electromagnet having 4-inches diameter pole pieces and an air gap 

width of 3/b-inch. A l l  t he  spectra  were obtained i n  a magnetic f i e l d  

i n t ens i t y  of 17,200 gauss. This equipment was  f a r  b e t t e r  than the  

experimental setup though l e s s  adequate than the  Varian A-60 i n  

performance. 

Spectrum of d i s t i l l e d  water, 

no v i s i b l e  peak i s  seen. 



Figure 25 .  

Spectrum of f e r r i c  n i t r a t e ,  neat  peak is  obtained. The two peaks 

a r e  due t o  the manipulation of the phase s h i f t e r .  

Figure 26. 

Spectrum of copper sulphate,  t he  peaks can be adjusted i n t o  a s i ng l e  

one with the  help of the phase s h i f t e r .  



Figure 27. 

Spectrum due t o  f e r r i c  choloride. 

Spectrum of 10 percent magnesium sulphate 

dissolved i n  90 percent distilled water. 



S p e ~ t ~ r u m  of a rubber band. 

Figure  30. 

Spectrum of 90 percent  s o i l  (obtained i n  f r o n t  of t h e  Physical  

Science Building) and 10  percent  d i s t i l l e d  water. The peak i s  

due to t h e  presence of paramagnetic molecules. The two peaks 

can be adjus ted  t o  a s i n g l e  one by manipulating t h e  phase s h i f t e r .  



Figure 31. 

Spectrum of 25 percent s o i l  ( ~ o b e r t ' s  f i n e  ash) and 75 percent 

water. The l i t t l e  peak may be due t o  the  paramagnetic molecules. 

Figure 32. 

Spectrum of 10 percent s o i l  ( ~ o b e r t ' s  f i ne  ash) and 90 percent 

d i s t i l l e d  water. No peak i s  seen and t h i s  may be due t o  

deficiency of paramagnetic molecules present.  



CHAPTER VIII 

CONCLUSIONS 

The M,M.R. approach has s ign i f ican t  advantages, such a s  speed, 

non-destructiveness s f  the  sample, minimum sample preparation, and 

v e r s a t i l i t y  f o r  those sample appropriate t o  i t s  use. Egen with an 

batnument as  sophist icated as  the  Varian A-60, the  measurement of 

s o i l  moisture content appears hopeless. This is mainly because of 

paramagnetic molecules present i n  the  s o i l  which give r i s e  t o  a para- 

magnetic broadening e f f ec t  which wipes out the  complete spectrum. 

In  some places water t h a t  i s  obtained from the  well  i t s e l f  con- 

t a ins  paramagnetic molecules. For example, wel l  #3, pump house raw 

4 4 water of the  University of Idaho contains i ron  of 0.1 pa r t s  per m i l -  

l i o n  of water, Also t h i s  water contains t o t a l l y  dissolved substances 

of 140 par t s  per mil l ion of water, These t o t a l l y  dissolved substances 

may a l so  contain paramagnetic molecules, Hence the  raw water i t s e l f  

may give r i s e  t o  paramagnetic broadening e f f ec t .  There may, in addi- 

t ion,  be other e f f ec t s  of which the  author has no knowledge. 

The paramagnetic molecules can be removed from the sample by 

using some reactfng agents. But, by doing so, there  w i l l  be some addi- 

t i on  of water t o  the aample. Thus, aside from other unknown ef fec t s ,  

the spectrum obtained would indicate  the  s o i l  moisture and the  ex t ra  

moisture added through the reacting agents, According t o  the  inves t i -  

gation made so f a r ,  a t  t h i s  stage it may be concluded tha t  the N.M,R. 

approach t o  the determination of s o i l  moisture content may not  be 

feas ib le  bu t  may const i tu te  a useful  too l  i n  the  study of s o i l  moisture 

energy r e l a t i ons ,  



N.M.R, = Nuclear Magnetic Resonance. 

m = Mass of the Orbiting Electron. 

% = Mass of the  Orbiting Proton. 

v = Velocity of the  Orbiting Electron (or  Proton). 

= Magnetic Homent of the  Electron (or Proton). 

t = Time. 

A t  = A Small Increment of Time i n  Time t o  

J = Angular Momentum of the  Electron (or  Proton) 

a t  a T h e  t. 

J1 = Angular Momentum of the Electron (or  Proton) 

a t  a Time ( t  + A t ) .  

r = The Radius of the  Circular Orbit.  

+qe = The Charge of the  Proton. 

-qe = The Charge of ,the Electon, 

f = The Frequency of the  Supply. 

Q = The Qual i ty  Factor of the  Resonance Circui t .  

f q  = The Quench Frequency. 

g = L a d e ' s  g-Factor (or, When Applied t o  the  Nucleus, 

the  Nuclear g- actor) . 
Ho = The Strength of the Uniform Magnetic Field.  

= Torque. 

63 = The Angle Subtended by J1 with Respect t o  the  Direction 

of the  Magnetic Fie ld  Ho. 

be= The Change of the  AngleGfrorn J t o  J1. 

up = The Angular Velocity of the  Precession. 



Ppf = The Proton Precession Frequency. 

E l  = Energy Corresponding t o  the  Protongs L~wer  Level. 

E;r = Energy Corresponding t o  the  Proton's Upper Level. 

A IJ = The Difference i n  Ehergy between El and E2. 

h = Plank's Universal Radiation Constant. 

h = The Modified Plankts Constant. 

Z = The Atomic Number of a Nucleus. 

A = The Atomic Mass Number s f  a Nucleus. 

I = The Nuclear Spin Number. 

N , N  = The North Poles of the  Magnetron Magnets. 

B = The PlagnePric F ie ld  Strength of the  Electromagnet. 

N 1  = The Number of Nuclei (with Spin 1/2). 

A1 = The Approximate Incremental Area under the  Output 

Envelope. 

= The Limiting r f  Level, 

TI = The Time Constant f o r  r f  Buildup. 

V 1  = The Total  r f  Voltages, ( h c l u d i n g  Noise Components) 

Impressed on t he  Circui t  a t  the  S t a r t  of the  Buildup 

i n  the  Absence of the  Sample. 

V2 = The Total  r f  Voltages, (Including Noise Components) 

Impressed on the  Circui t  a t  the  S t a r t  of the  Buildup 

in the  Presence of the Sample. 

V, = The Nuclear Signal Strength (V2 - V1). 

G = The Amplification s f  the Modulation Products. 
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