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SUMMARY 

The extens ive equipment which i s described has 

been b u i l t up for the study of magnetic moments of n u c l e i , 

p a r t i c u l a r l y for accura te comparison of t h e i r gyromagnetic 

r a t i o s , and the r e l a t i v e spins of i so topes . 

The nuclear induction and the nuclear absorpt ion 

resonances of the proton have been observed. The induct ion 
11 resonance of B has been observed a t around 10 mc. in an 

a l k a l i n e so lu t ion of KB0g. I t s frequency has been compared 

with t h a t of the proton in the same f ie ld giving a measure 

of the r a t i o of the two gyromagnetic r a t i o s : 

2.2 Z 0.320904 ± 4.3 x 10~6 

Based on the best known value of 2.7928 I .0008 

for the magnetic moment of the proton, the magnetic moment 

of the B^- nucleus becomes 

2.6887 t .0008 Tf.W. 

which i s an improvement in p rec i s ion by a factor of ten over 

the best known previous va lue . 

A check on the amplitude of the B 1 1 induction reson

ance i s made and the r e l a x a t i o n t imes of B i n KBOg so lu t ion 

estimated a s : 

T ~ 0.01 sec. 

T2 > 1 0 ~ 4 s e c -
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INTRODUCTION 

T h e o r e t i c a l Background 

The f i r s t evidence t h a t t he n u c l e i have magnetic 

p r o p e r t i e s was provided by the d iscovery t h a t the fifle 

s t r u c t u r e l i n e s of some atoms a r e f u r t h e r d iv ided i n t o 

energy l e v e l s whose quan t i zed s e p a r a t i o n s a r e roughly 

one two- thousandth t h a t caused by o r b i t a l and spin 

i n t e r a c t i o n s of t h e o r b i t a l e l e c t r o n s . I s o t o p i c mixture 

of t he n u c l e i in q u e s t i o n accounted for only a p a r t of 

t h i s hype r f ine s t r u c t u r e ; P a u l i in 1924 brought forward 

t h e sugges t i on t h a t t h e n u c l e i have a n g u l a r momentum, and 

t h u s s i n c e t h e y invo lve conglomerated c i r c l i n g charge , • 

t h e i r magnet ic f i e l d s may be desc r ibed by a s s i g n i n g 

magnet ic moments. 

In s t r i c t analogy wi th the atomic p i c t u r e , t h e 

n u c l e a r s p i n momentum i s observed i n only i n t e g r a l o r 

o n e - h a l f i n t e g r a l m u l t i p l e s of h , where h i s P l a n c k ' s 
27? 

c o n s t a n t . Wave mechanics g ive s the t o t a l angu la r momentum 

v e c t o r the v a l u e , 
K I * 1) h 

where I i s t h e sp in quantum number, and one component § flfj t 
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where Mj and I a r e both i n t e g e r s or h a l f - i n t e g e r s and 

- I < M i l may be observed. From the c l a s s i c a l analogue 

the magnet ic moment i s expected t o be for the p ro ton : 

e 
2mc # p 

where e = e l e c t r o n i c cha rge , m - atomic mass u n i t , 

c r v e l o c i t y of l i g h t , and p z t h e a n g u l a r momentum. I f 

we t ake p a s one u n i t of h > we have a n a t u r a l u n i t 
2ff 

for t h e measurement of n u c l e a r magnetism: 

eh == 1 n u c l e a r magneton. 
4tfmc 

However, the expe r imen ta l v a l u e s of the magnetic 

moments of n u c l e i a r e not i n t e g r a l v a l u e s of t h i s u n i t , 

and a f a c t o r , g, c a l l e d the nuc lea r g - r a c t o t i i s used , 

defined as f o l l o w s : -

> " - g l 

whereyU r magnetic moment of the nucleus. The nuclear g-

factors and spins of many nuclei have been measured and 
1 2 

some correlations among their values are noticed ' . The 

former range from that of the neutron,,-3.82, to that 

of the triton which is 5.95. 

1. Latham, Proc. of Phys. Soc. November 1947, p. 979. 
2. Rarita and Schwinger, Phys. Rev. , March 1, 1941, p. 436 

s 
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Historical Outline of Previous Work. 

The first estimates of magnetic moments were 

made from spectroscopic data on the hyperfine structure 

splitting. Both spin and magnetic moment can be obtained 

if the resolution of the hyperfine structure or flag 

pattern of a line is adequate. In a weak magnetic field, 

such as that of the atom itself, the nuclear spin is 

coupled to the atomic frame and quantization exists in 

discrete component values, M~. , of the total quantum 

number, F, of the atom. This quantum number, F, is the 

sum of I and J, the spin numbers of nucleus and orbital 

electrons respectively. If this structure can be resolved, 

thejpin I is known immediately that J is known. In a 

strong field the nuclear magnetic moment gives rise to 

a strong nuclear Zeeman effect. The weak coupling between 

I and J is negligible and the levels of different I but 

the same J form a hypermultiplet which has 21 + 1 terms. 

If these are resolved well enough to be counted, the I 

is thus obtained, and if well enough to measure separation, 

an estimate of magnetic moment may be made. This method 

was first employed by Bach and Goudsmit for bismuth. 

The hyperfine structure splitting demands the 

utmost resolution of which optical instruments are 

capable. The most work on nuclear magnetic moments has 

been done by Rabi and his co-workers with a skilful 

3. Goudsmit and Bach Z. f. Physik 43:321,1927. Goudsmit 
and Bach. ibid.. 47: 174, 1928. 
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adaption of the Stern-Gerlach technique in which the 

e f fec t ive r e so lu t ion i s many times t h a t obtainable o p t i c a l l y 

Rab i ' s most s i gn i f i c an t method, so far a s t h i s work i s 

concerned, makes use of the fact t h a t a nucleus, when 

placed in a f ie ld of a few thousand gauss w i l l p recess - -

because of the i n t e r a c t i o n of spin and the couple produced 

by magnetic moment in the f i e ld — at a Larmor frequency 

which i s in the rad io range. This frequency is given by 

-flu y " H 

' h I 

where^/4, i s the t o t a l magnetic moment, H i s the f i e l d , and 

h i s P lanck ' s constant . 
4 In t h i s method , the gaps of th ree magnets, 

A, B and C (as shown in the sketch) a r e placed ca re fu l ly ' 

in l i n e and form an evacuated system. The pole faces of 

A and B a r e shaped so as to give a highly inhomogeneous 

f i e ld , the f i r s t with a f i e ld whose dH i s in one 
dz 

d i r e c t i o n , the second with dH equal and opposi te to 
dz 

i t , z being the coordinate along the f ield g rad i en t . 

When molecules of zero spin a r e projected thermal ly from an 

oven, and coll imated so as to form a f ine beam i n the 

gap, they w i l l be deflected along the changing grad ien t 

4. Kellogg and Millman, Rev. of Modern Phys ics , J u l y 1946, 
p . 323. 



- 5 -

by a force dH in a d i r e c t i o n dependent on the 
dz 

o r i e n t a t i o n of t h e i r nuclear magnetic moments in the 

f i e ld of A. I f nothing happens t o reor ien t them, the 

f i e ld of B w i l l bring them back to a focus a t the 

d e t e o t 0 r - r.f.fieU 
imposed 

QVtfo - <tetectoh 

In order to upset these o r i e n t a t i o n s , a t h i r d magnet C, 

having a homogeneous field i s interposed and a radio 

frequency magnetic f i e ld introduced a t r igh t angles t o 

the main one. When t h i s frequency i s tuned through the 

Larmor precession frequency, t r a n s i t i o n s occur and the 

de tec to r shows a decrease in the number of molecules 

a r r i v i n g . Values of the f ie ld and frequency a t which t h i s 

happens give the gyromagnetic r a t i o . This was the f i r s t 

successful a p p l i c a t i o n of radio methods to the measurements 

of nuclear moments. Using t h i s technique values were obtained 

with a p rec i s ion severa l t imes those obtained spee t roscop ica l ly . 

In 1936, two years previous to Rabi ' s d iscovery, 

Gorter made an attempt to observe the absorpt ion of energy 
r 

which r e s u l t s from these induced t r a n s i t i o n s . He used 

two so l id alums a t l i qu id hydrogen temperatures expecting 



- 6 -

a heat ing e f fec t , but was unable t o de tec t one. In his 

second unsuccessful attempt in 1942, he looked for a 

change in magnetic s u s c e p t i b i l i t y . 

After the war, with many new radio frequency 
p 

techniques and new apparatus a v a i l a b l e , the d i r e c t obser

vat ion of t h i s effect was attempted with renewed vigour by 

two teams of workers: P u r c e l l , Pound and Torrey who found 
5 

an absorpt ion effect , and Bioch, Hansen and Packard who 
£• 

observed nuclear induction . ^n outstanding con t r ibu t ion 
of t h i s work has been the p rec i se comparison of the 

magnetic moments of proton, deuteron and neutron by the 
7 A Q 

Stanford team, 9 and by Roberts and Arnold at Argonne . 

Further measurements of the gyromagnetic ratios of other 

nuclei have been made by others 10>H|12,13^ poun(j at 
14 15 Harvard ' has built a recording spectrometer for this 

specific purpose and using the absorption resonance compared 

the gyromagnetic ratios of a number of nuclei with those 

of the proton and sodium. 

5. Purcell, Torrey, Pound, Phys. Rev. Jan. 1946, p. 37. 
6. Bloch, Hansen, Packard, Phys. Rev. Feb. 1946, p. 127 
7. Bloch, Levinthal, Packard, Phys. Rev. Dec. 1, 1947, p. 1125 
8. Bloch, Nicodemus, Staub, Phys. Rev. Nov. 1, 1948 p. 1025 
9. Arnold and Roberts, Phys. Rev., June 15, 1947, p. 878 
10. Poss, Phys. Rev., Oct. 1, 1947, p. 637 
11. Anderson and No.vick, Phys. Rev. , March 15, 1947 
12. Bloch, Graves, Packard, Spence, Phys. Rev. April 15/47 p. 551 
13. Anderson and Novick, Phys. Rev. April 15, 1948, p. 919 
14. Pound, Phys. Rev. March 1, 1948 p. 523 
15. Pound, Phys. Rev., May 1, 1948, p. 112. 
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Previous work on B 1 1 , 

At the time the measurement described here was 

made the only previous ly published v a l u e s 1 6 for the magnetic 

moment of B 1 1 was t ha t of Millman, Kusch and Rabi a t 

Columbia using the molecular b earn apparatus . Heating the 

a l k a l i metaborates and t e t r a b o r a t e s to 1100°K in t h e i r oven, 

they found resonance dips in the molecular beams a r r i v i n g a t 

the de tec to r in t h e neighbourhood of 2000 gauss and with 

frequencies which gave the B and B 1 nuc le i magnetic 

moments va lues of 0.597^ 0.003 and 2.682 - 0.008 r e spec t ive ly . 

A l i t t l e l a t e r they repor ted a value of 2 . 6 9 4 t . 0 0 8 for 

AjL -̂ -p obtained by a comparison with L i 7 whose ftuclear g-

i 'actorwas assumed to be 2.167. Recent 
18 11 

determinations of the spin of B show t h e i r assumption 
of a spin of .3 i s j u s t i f i e d . 

2 
Value of the Magnetic Moment of the Proton. 

Since the value for the magnetic moment of B i s 

based on tha t of the proton in t h i s experiment, a note on 

the value of the l a t t e r i s necessary. The value of 

2 .7896- .0008 was obtained in 1941 by Millman and Kusch19 

using the molecular beam appara tus . They ca l ib ra t ed t h e i r 

magnetic f i e l d by reference to e l ec t ron ic t r a n s i t i o n s between 

various (F,m) l e v e l s of the rubidium, sodium, and caesium 

atoms. The c a l i b r a t i o n of magnetic f i e l d a r r ived a t involves 

16. Millman, Kusch, Rabi; Phys. Rev. , Ju ly 1939 p. 165 
Also abs t r ac t Kusch, Millman Phys. Rev. Ju ly 15, 193c p . 213 

17. Rabi, Millman, Kusch, Zachar ias , Phys. Rev., 55, 193^. p.526 
18. Gordy, Ring and ^urg ; Phys. Rev. , Nov. 1, 1948 p . 1191 
19. Millman and Kusch, Phys. Rev., Ju ly 15, 1941, p . 91 
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quantum mechanical expressions which give the energy of 

an a l k a l i in a magnetic f i e ld and involves the 
20 assumption tha t the e l ec t ron ic gyromagnetic r a t i o for 

an a l k a l i atom in the ground s t a t e i s exact ly 2. Recent 

work ' ' i nd i ca t e s that the e lec t ron spin gyromagnetic 

r a t i o i s 

$s - 2 (1 .00119*0 .00005) 

br inging the magnetic moment of the proton t o the va lue 

of 

2.7928 "t 0.0008 nuclear magnetons 

which i s the value used he re . 

20. M. P h i l l i p s ; Phys. Rev., July 15, 1941, p . 100 
21 . Kusch and Foley; Phys. Rev., August 1, 1948, p . 250 
22. Nafe, Nelson, Rabi; Phys. Rev., June 15, 1948, p . 914. 
23. Nagle, J u l i a n , Zachar ias , Phys. Rev., Nov. 1, 1947, 

p. 971 



- 9 -

THE NUCLEAR INDUCTION EXPERIMENT 

The nuclear induction experiment, as carried out 

PA 

by Bloch and co l l abora to r s , c a l l s for a strong magnetic f ie ld 

into which the nucle i a re placed. Another magnetic f i e ld of 

only a few gauss and a l t e r n a t i n g a t a rad io frequency i s 

imposed a t r i gh t angles t o the f i r s t . When the s t rong 

magnetic f i e ld i s var ied so tha t the precession frequency 

coincides with the a l t e r n a t i n g f ie ld frequency, the nuc le i 

a re made t o precess synchronously and w i l l induce a vol tage 

of the same frequency in a second co i l wound around the 

sample so tha t i t s ax is i s perpendicular t o both the above 

f i e l d s . 

The t h e o r e t i c a l mechanism of nuclear induction has 
25 

been given by Bloch with a l a t e r ana lys i s of s ignal 
26 

shapes by Jacobsohn and Wangsness . ±L brief synopsis of 
the relevant features of the first article is given here to 

explain the experimental procedure. 

Magnitude of the Effect 

The nuclear paramagnetic susceptibility, jC , is 

defined by 
M = ^ H 

where m i s the r e s u l t a n t nuclear p o l a r i z a t i o n per c . c . in 

the d i r e c t i o n of the f i e l d , H. The s u s c e p t i b i l i t y , ^ , i s 

r e l a t e d t o the nuc lear g- fac tor of the "n" nuc le i by 

24. Bloch, Hansen, Packard; Phys. Rev., October,1946 p . 474 
25. Bloch; Phys. Rev., October 1946, p . 460. 
26. Jacobsohn and Wangsness; Phys. Rev., May 1, 1948 p. 942. 
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the Curie formula: 

Y - K I » 1) ng 
r ' 3kT 

2 

where I = spin number 
k = Boltzmann's constant 
T = absolute temperature. 

I t i s the time v a r i a t i o n of a component of M which gives r i s e 

to B z 4#M l i n e s of induct ion which i s observed. 

Let the s t rong f i e l d , Hz, be assumed p a r a l l e l t o 

the z - a x i s . In p r a c t i c e i t i s made as homogeneous as poss ible 

over the space occupied by the sample. The radio frequency 

f i e ld of amplitude 2H-, and frequencyu>radians per second i s 

assumed p a r a l l e l t o the x-axis so that the imposed f ie ld 

has components: 

Hx = 2H^ cos *> t 

Ey = 0 

Since the nuclei have spin momenta and magnetic moment vectors 

parallel to each other, the interaction of torque due to the 

strong field and their spin gives rise to the precession of 

each one around the field direction. The quantum mechanical 

expectation of the whole system may be solved fbr its time 

variation by the classical equations of motion. Considering 

only quantities involving the whole system of nuclei in 

the sample, and allowing the strong magnetic field to vary back 
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and forth relatively slowly through i t s resonance value 

H* = u> 

where y is the gyromagnetic ratio (= £ ) which may be 
"ft 

negative, the amplituae of voltage indueea in the receiver 

coil at resonance turns out to he: 

a^ ^ V / f * *(*»> h*r*r volts 
« 3kT 

where n z number of nuclei/c.c. 

A * area of receiving coil 

N » number of turns 

h r Planck1s constant 

*> = resonant radian frequency. 

Effect of Relaxation Times 

The above amplitude represents a maximum figure 

which is not reached in practice due to the influence 

of the local fields and thermal agitation on the nuclei. 

These are described by assigning two relaxation times : -

T̂  = time constant of an assumed exponential 

approach of the polarization Mz to i ts equilibrium value M0 

given by the Curie formula. 

T2 = time constant of an assumed exponential 

approach of a transverse component, M or M , to i t s 
x y 

equilibrium. This is also called the line width parameter 

and plays a role in a resonance similar to that of the % w 

of a coil in an ordinary resonant circuit. 
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Two extreme cases with s implif ied condi t ions a re 

t r e a t e d mathematically giving s igna ls of the types rapid and 

slow passage through resonance. Imposing the ad iaba t ic 

condi t ion 

-H- « M H. 
where J = H Q - H* ^ t h e f 0 n o w i n g solutions are obtainea 

nl 

for the three components of the polarization M, assuming 

that the driving field H. is predominent over the relaxation 

effects described by T-^nd T 2 (i.e./W^»-^ ; / r / A / / » ^ ) : 

cos <*>t 

sin a) t 

M 
X 

M 
J 

M z 

"" 

-

-

M a*-n* 
+ M 

( 1 ^ * ) * 

M S 
[1+Sl)k 

The opt iona l sign for M allows for the opposite r o t a t i o n due 

to a nega t ive magnetic moment. M is a function of t ime, t , 

and i s given by: 

MM - - f / *<*') e*r£-[rt> - <#)]) /Ho(t') j r 

M0(t') * ? HJf) 
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I f the r e l axa t i on t imes a re long or i f the passage 

through resonance occurs so r ap id ly that the exponential 

does not vary, the i n t e g r a l t akes on a constant value 

accumulated during considerably previous times and the 

resonance shape is dominated by 

M - ~ M 

which gives a "rapid passage" resonance. This i s a simple 

resonant curve whose maximum (<f = 0 ) coincides with the 

ac tua l resonant value of the f i e ld in time. 

If the r e l axa t i on times a re shor t , or passage of 

the magnetic f ie ld through the resonance i n t e r v a l very slow, 

the exponential par t of the integrand approaching uni ty 

r ap id ly causes the po la r i za t ion to reach a pos i t ion of 

equi l ibr ium a t each point through the resonance i n t e r v a l , 

genera t ing a curve represented by: 

M s ? M p( t ) ( f ( t ) 
^ J a ( t ) • T l / T 2 

which i s zero when & =-0 and reve r ses s ign as / d o e s . This 

i s the t y p i c a l "slow passage" resonance. 

A p a r t i c u l a r case of the "rapid passage" resonance 

i s of p a r t i c u l a r i n t e r e s t to us he re . The op t iona l sign for 

M i s given t o allow for the p o s s i b i l i t y of approaching 

resonance with a decreasing or an increas ing magnetic f i e l d . 

In the extreme case of long ^ the value of the i n t e g r a l i s 
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governea by the average value of H so that over a 60 c.p.s. 
z 

sweep, for example, both fore and back sweeps give a resonance 

deflection of the same polarity. When T, is of the order of 

the half period of the sweep, the integral has time to change 

sign due to the changing of sign of the $ , and the fore and 

back sweeps may be of opposite polarity as is the case of 

the boron resonance shown in the photograph. To account 

for this type of signal exactly mathematically involves 

evaluating the integral which is very difficult and not 

necessary for an accurate interpretation of our result. 

Bloch1s Theory Applied to Bx Resonance 

The amplitude of signal expected without regard to 

relaxation times is calculated from the equation given, 

using the values of the quantities known from our 

experimental apparatus. 

Volume of sample = 1.8 c.c. 

Turns of coil N - 6 
o 

Area A = 1.27 omr 
22 Concentration of nuclei n = 0.58 x 10 /c .c . 

Gyromagnetic ratio of B11 JT = 0.86 x 104 c g . s . units 

Frequency used <*> = 27fx 9.6 x 10 radians/sec. 
h = 6.61 x 10-27 erg sec. 

k - 1.38 x 10"16 erg deg"1 

T = 290° K 

1 = 3 
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a 10 - 8 

m 
NAn TfT 4. 1) 

3kT 
h 2 jr« 2 

6.0 M* A 
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DESCRIPTION OF APPARATUS 

The appa ra tu s which has been assembled and b u i l t 

up for the n u c l e a r r esonance experiment i s shown schema t i ca l l y 

in f i g u r e 1. I t may be c l a s s i f i e d under four h e a d i n g s : -

1. The Magnet and Assoc ia t ed Equipment. 

2 . Co i l s Assembly and Balance C i r c u i t . 

3 . The Radio Frequency O s c i l l a t o r and Supply. 

4 . The Receiving C i r c u i t s inc lud ing Frequency Measuring 
U n i t s . 

1. MAGNET AND ASSOCIATED EQUIPMENT 

Magnetic F i e ld Cont ro l C i r c u i t s 

The main magnetic f i e l d i s supp l ied by a l a r g e 

wa te r - coo led magnet wi th 4" pole f a c e s , the cur ren t i n which, 

provided by a 6 KVA g e n e r a t o r , may be set a t up to 10 amperes 

fo r long p e r i o d s wi thout exces s ive h e a t i n g . This w i l l p r o 

v i d e t h e 1 5 / 8 " gap with about 9000 gauss . The f i e l d of the 

l a r g e r g e n e r a t o r i s suppl ied by two 220 v o l t e x c i t e r g e n e r a t o r s 

i n s e r i e s whose f i e l d s in t u rn a r e e x c i t e d by an e l e c t r o 

n i c a l l y r e g u l a t e d cu r r en t th rough the two p a r a l l e l 807 beam 

t e t r o d e s of t h e r e g u l a t o r c i r c u i t . 

The r e g u l a t o r c i r c u i t c o n s i s t s of two p a r t s , a 

s t anda rd type of d . c . a m p l i f i e r us ing a "chopper" , and a 

p a r a l l e l a n t i - h u n t c i r c u i t shown i n f i g u r e s 2 and 3 r e s p e c t i v e l y 
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The magnet current passes through a ser ies 0.1 -ohm manganin 

r e s i s t o r immersed in an o i l bath through which also passes a 

copper tube carrying a fraction of the water c i rcula t ing 

in the magnet. This develops a fraction of a volt (negative) 

which adds in ser ies to a posit ive standard reference vo l t 

age taken from a potentiometer and storage battery c i rcu i t 

to give the error voltage for the regulator . This voltage 

i s "chopped" at 60 c . p . s . by a Brown converter and applied 

to the a .c . amplifier through a f i l t e r tuned broadly for 

60 c .p . s . 

The a . c . part of the amplifier uses three 6SC7 

tubes in push-pull. The f i r s t two tubes, the converter and 

standard reference c i r cu i t , are mounted in a small chassis 

on rubber mounts and on the larger chassis which contains 

the res t of the c i r c u i t . The push-pull c i rcu i t and the 

absence of a bias r e s i s to r in the f i r s t 6bC7 are features 

of t h i s emplifier which were found to reduce spurious a .c . 

voltages coming mostly from filament-cathode sources. The 

f inal 6SC7 stage i s tuned to 60 cp . s . in the primary of 

i t s transformer. The secondary of this transformer drives 

a 6N7 phase-sensit ive detector which reconverts the error 

voltage to d.c. and provides the bias for the two 807 ex

c i t e r dr ivers . I t was found tha t the whole magnet current 

could be varied manually (with the automatic gain control 

at zero) over p rac t i ca l ly i t s whole range by varying the 
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b i a s on the 807 's by a leak t o the high tension supply 

through a 0.25-megohm potentiometer and a fixed 80-kilohm 

r e s i s t o r in s e r i e s . Most manual con t ro l of the f ie ld for 

anything but p rec i s ion measurements was effected by varying 

the 100-ohm or the 6-ohm potentiometer in the standard 

reference c i r c u i t with the r egu la to r gain up. 

Since i t was des i red to make measurements with 

accuracy of the order of one par t in 104 , i t was desired 

to make the magnet f ie ld remain constant about tha t degree 

during the shor t i n t e r v a l between the p resen ta t ion of the 

two resonances, proton and boron, on the C.R.O. screen. Due 

to the cascaded delay of the cor rec t ion vol tage around 

the loop — occuring mostly in' the generators and the 

magnet — the whole system tended to hunt a t about 2 c . p . s . 

The an t i -hunt c i r c u i t shown in f igure 3 cons is t ing of two 

6AC7fs, a cathode-coupled 6SN7-6SK7 s tage ; and twelve 807 's 

in p a r a l l e l makes a second closed feedback loop not including 

the genera tor . This has a frequency response which goes 

down t o a f r a c t i on of a cycle per second and i s fed by about 

-4 v o l t s from a 0.5-ohm r e s i s t o r ca r ry ing the magnet cu r ren t . 

The 807* s a re in p a r a l l e l with 7.5-ohms which toge ther ca r ry 

the magnet c u r r e n t , the 807 ,s sharing about 20% of the 

whole cur ren t . I t i s poss ib le to r egu l a t e the mean value of 
A 

the current to between 1 and 2 p a r t s in 10 , and l e s s than 

1 p a r t in 10 4 over severa l minutes. 
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The most troublesome feature of t h i s system i s a 

20 c .p . s . var ia t ion which comes from a poor commutator on 

the generator giving r i se t o a j i t t e r of about 1 gauss in 

the resonance display. 

Magnetic Field Modulation 

The two c i r cu i t s for modulating the magnetic field 

about resonance are part of the c i r cu i t s shown in figures 

2 and 3. 

Anticipating the possible need for a very slow 

var ia t ion of the magnetic field to suit long relaxation 

times, a 60 to 80 cycles/sec. phase shift o sc i l l a to r was 

bu i l t in to the main control c i rcu i t . The 6J5 cathode-

follower driven by the 6iiC7 osc i l la tor provides a few 

mi l l i vo l t s of t h i s frequency in ser ies with the standard 

storage ce l l , r e su l t ing in a "beat" frequency or 0 to 20 

c .p . s . in the output of the Brown converter. This 

o s c i l l a t o r is quite s tab le at close to 60 c .p . s . giving a 

slow cycl ic variat ion of the field. The proton was f i rs t 

observed with th is sweep but thereaf ter i t was used very 

l i t t l e because of d i s tor t ion of the signal shape caused by 

spurious voltages from the generator when varied in t h i s 

fashion. 

The measurement on boron was taken using the 

60 c . p . s . field modulation. This was provided by two 

coi ls of about 500 turns each, 4" inside diameter and about 
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2n apar t a x i a l l y , squeezed aga ins t the c o i l forms of the 

magnet windings with four simple j ack screws. An i n s u l a t i n g 

t ransformer and a var iac suppl ies these with a current 

su f f i c i en t to modulate the f ield with an amplitude of 

up to 100 gauss. This appears t o be a very s a t i s f a c t o r y 

system for modulating the f ield in s p i t e of the s t rong eddy 

cur ren t s which must c i r c u l a t e in the sol id pole faces . No 

dis turbance of the average value of the field by a . c . from 

t h i s source ge t t i ng i n t o the "chopper", as was feared, 

has been not iced. 

Magnetic Field Homogeneity 

Disregarding the f ine r d e t a i l s of signal shapes, 

th ree main things con t r ibu te t o the width of the simple 

rap id passage resonance:-

1. The na tu ra l width of the resonance which 

i s p ropor t iona l to the dr iv ing f ie ld and i s 2H^ a<t "§" 

of the maximum signal amplitude. 

2. The local f i e lds of the neighbouring atoms and 

nucle i con t r ibu t ing a width which i s measured in terms of 

the time constant T2 where T2 - 1 
1 l o c a l 

3 . The inhomogeneity of the main magnetic f i e l d 

over t h e f i n i t e volume of the sample. 

An e f f o r t was made to reduce the inhomogeneity of 

the f i e ld enough t o make the desired p rec i s ion p o s s i b l e . 

Pole p ieces of cold r o l l e d s t e e l (0.15% carbon) were made 
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1.5" long and s l i g h t l y smaller than the 4" diameter of the 

yoke piece in order to clear the modulating c o i l fbrms and 

the magnet winding. They are screwed in to the yoke p ieces 

with a s l i g h t l y sloppy thread allowing a t i l t i n g ad jus t 

ment by th in shims behind the i r shoulders to cor rec t any 

wedge-shaped assymmetry of the field in the gap. Using 

paper shims, the gap was made uniform around the circumference 

to within 0.001". 

Since the proton resonance had not yet been 

obtained, the homogeneity was checked using a specia l ly 

designed search coi l* with which i t was poss ib le to detect 

a f i e ld inhomogeneity of l e s s than 1 gauss from the mean 

of severa l readings . The outs ide diameter of t h i s coi l 

i s about 1 cm. I t i s mounted on a small car r iage in 

a frame which allows i t to be drawn rapid ly away from the 

centre of the gap a predetermined d is tance operating a 

b a l l i s t i c galvanometer. 

A thickness of 0.042" was machined away from the 

cent re of the pole p ieces leaving a shim 0.344" wide, the 
27 values having been ca lcula ted i ron Rose. When the f ie ld 

was checked with the search co i l the drop-off of f ie ld 

a t 0 .5" radiua was found t o be s t i l l an average of 8.5 gauss . 

*Designed and b u i l t by Mr. D. Hunten. 

27. Rose, Phys. Rev. May 1, 1938, p . 718 
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Azimuth 

No Shims 

"Rose" Shim 

Double Shim 

Drop-

0° 

15 

11.2 

3.7 

off of 

45° 

18 

-

1.0 

Fieia at 0.5" Raaius 

90° 135° 180° 

16 14 12 

13.6 - 4.1 

0 0.7 3.4 

225° 270° 

11 14 

5.1 

6.0 6.0 

315c 

14 

-

4. 

1 Average 

14.2 

8.5 

0 3.1 

A second shim was added 0.688" wide and 0.019" 

th i ck , i t s dimensions estimated from the effect of the f i r s t 

shim using the following assumption*: The effect on the drop

off curve a t the centre by a shim a t the circumference i s 

p ropor t iona l to i t s c ross - sec t iona l area , and the curve i s 

"squeezed" in towards the centre the same f rac t iona l amount 

as the cent re of the shim i s moved r a d i a l l y . When the f ie ld 

was t e s t e d a f t e r machining the double shim, the readings 

shown in the t ab le were taken. They show t h a t a f a i r l y 

homogeneous f ie ld e x i s t s within the hal f - inch jus t above 

(90°) the centre of the gap. This was judged adequate for 

measurements. Tfee de ta i led dimensions of the gap and pole 

p ieces a r e shown in f igure 4. That t h i s spot i s the best in 

the gap was confirmed l a t e r with the proton absorption 

resonance by moving the sample around in the gap. 

The shape of the proton absorpt ion s ignal in water 

was not no t iceab ly d i f f e ren t from that in the viscous borate 

so lu t ion used; i t i s seen in the photograph to resemble an 

i s o s c e l e s t r i a n g l e . The breadth of t h i s s ignal is due almost 

27. Rose, Phys. Rev. May 1, 1938, p. 718 

* Suggested by Mr. D. Hunt en. 
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completely to inhomogeneity in the f i e ld across the 

sample, s ince Pu rce l l has shown the proton resonance in 

water to be very narrow2 8 ( < 0.015 gauss) . The i sosce l e s 

shape may be accounted for i f the magnetic f ie ld s t rength 

i s assumed to change uniformly across the diagonal of the 

c y l i n d r i c a l sample. The l iquid sample is contained i n a 

small b o t t l e 0 .5" high and 0 .5" in diameter. Assuming the 

f i e ld to vary in t h i s fashion, the i n t e r s ec t i ons of the 

magnetic f i e ld equipotent ia l surfaces with the sample are 

plane segments of an e l l i p s e perpendicular to the diagonal 

p a r a l l e l to the d i r ec t ion of f ie ld change. The nuc le i i n 

each plane resonate in turn as the resonance condit ion 

t r a v e l s along t h i s diagonal and give a signal shape shown 

in f igure 5, which i s a r e su l t of a ca l cu la t ion of the 

area of the segment of the e l l i p s e as a function of the 

d is tance along the diagonal . The peak of t h i s resonance 

i s very sharp and gives a f a i r l y s a t i s f ac to ry reference point 

for e s t ab l i sh ing the pos i t ion of the proton resonance. 

A fur ther adjustment for homogeneity was ca r r i ed 

out a f t e r the proton resonance had been obtained. I t 

consis ted of varying the gap spacing by a screw adjustment 

between yoke and winding cores to obtain the narrowest 

absorpt ion resonance. .The base of t he proton resonance 

was 4 gauss wide a t the time of the boron measurement 

28. Bloembergen, P u r c e l l , Pound, Phvs. Rev. Apr i l 1,1948 
P. 689. 
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i n d i c a t i n g t h i s t o t a l inhomogeneity a long t h e d i a g o n a l . 

Since t h e s e v a r i o u s success ive ad jus tmen t s were c a r r i e d 

out wi th c o n s i d e r a b l e time i n t e r v a l s i n between dur ing 

which they may have been d i s t u r b e d , i t i s most l i k e l y 

t h a t a r e p e a t of t h e s e , p a r t i c u l a r l y checking p a r a l l e l i t y of 

the pole f a c e s , would y i e l d a much more homogeneous f i e l d . 

2. COILS ASSEMBLY AND BALANCE CIRCUIT 

The p a r t s a s s o c i a t e d with t h e i nduc t i on and d e t e c t o r 

c o i l s a r e mounted in a s h i e l d cons t ruc t ed of 10 cm. wave

guide for r i g i d i t y and h e l d by a heavy damp fas tened to the 

c e n t r e of t h e magnet yoke, the whole assembly designed for 

a minimum of mechanical v i b r a t i o n s which might induce 

microphonics in t h e r e c e i v e r system. The end of the wave

guide s h i e l d which goes between the po l e f a c e s has narrow 

s l o t s in tended to prevent eddy c u r r e n t s which might make 

d i f f i c u l t t h e 60 c . p . s . modulat ion of the magnet ic f i e l d . 

The loose ends a r e held by screws to a p i e c e of l u c i t e 

machined t o f i t i n the end of t h e g u i d e . This c o n s t r u c t i o n 

i s shown i n one of the photographs . La t e r experiment 

showed t h e s e s l o t s t o be unnecessary — very l i t t l e 

a t t e n u a t i o n of the 60 c . p . s . f i e l d v a r i a t i o n be ing caused by 

such eddy c u r r e n t s . This s h i e l d i s long enough t o extend be 

yond the edge of the magnet windings; the r e c e i v e r coax ia l 

probe goes i n s i d e . The i n d u c t i o n c o i l c o n s i s t s of 6 t u r n s 

of number 16 gauge copper w i r e wound 1" diameter on the 
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i n s ide of a polystyrene form threaded 16 turns per inch. 

This form i s fastened to e i the r s ide of the sh i e ld , but 

between these f l a t sur faces , the ou t s ide of the form i s 

spher ica l with cen t re coincident with the cent re of the 

c o i l . A second piece of polystyrene f i t s and s l ides over the 

spher ica l sec t ion l ike par t of a b a l l bearing carrying the 

coaxia l probe on whose end the rece ive r c o i l i s mounted. 

This par t is shown in the photograph of the probe and 

regenera t ive r e c e i v e r . The leakage between induct ion c o i l 

and r ece ive r c o i l i s minimized by varying the angle between 

the axes of these two c o i l s slowly with a screw adjustment 

between the rece ive r probe and the sh ie ld . This adjustment 

may be expected to cancel out most of the common magnetic 

flux coupling. However, the capac i t ive coupling leakage, 

s ince i t i s through the high capac i t ive reactance between 

the c o i l s , has a l a rge component out of phase with the 

magnetic leakage and may not be cancelled out by o r i en t a t i on 

adjustment a lone . Two devices a re employed to reduce and 

cont ro l t h i s leakage so tha t i t can be set at the optimum 

value required by the detector used. 

(a) Both co i l s are of a const ruct ion which gives 

e l e c t r i c a l balance to ground. The induction c o i l i s fed by 

a push-pul l o s c i l l a t o r which means t ha t the rece iver co i l 

should rece ive approximately equal and opposite capac i t ive 

coupling from e i the r end of the induct ion c o i l . The rece ive r 

c o i l i s wound in two p a r a l l e l sec t ions of 6 turns each. 
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The two sect ions a re wound oppos i te ly , t h e i r inner ends 

connected to the centre coaxia l conductor and outer ends 

grounded, so t ha t the more s e n s i t i v e ends a r e shielded 

to some extent by the outer l e s s s e n s i t i v e ends. The 

c o i l i s wound with number 24 gauge enamelled copper wi re , 

c lose ly spaced, 0.57" diameter, and has an inductance 

of 0.55/^/r. The co i l form is a t h i n walled g l a s s bo t t l e 

which was blown in a mold from pyrex tubing, and has a 

capaci ty of 1.8 c . c . The shank, a short piece of pyrex 

tubing which i s cemented to the b o t t l e a f t e r the c o i l i s 

wound on, has the coaxia l connections ins ide i t , and 

f i t s into the polystyrene "bearing" around the r ece ive r 

probe. The % of th i s c o i l i s about 130 with the boron 

so lu t ion in the b o t t l e . Under t h i s condi t ion i t was 

poss ib le to reduce the leakage by o r i en t a t i on to a f rac t ion 

of a vo l t ac ross the tuned c i r c u i t or a few m i l l i v o l t s of 

a c t u a l l y induced vol tage . 

(b) In order to reduce t h i s leakage fur ther and 

con t ro l i t , a phase sh i f t e r was added to the power o s c i l l a t o r , 

capable of del iver ing about 1 volt at any phase r e l a t i v e to 

the o s c i l l a t o r phase into 50 ohms so that a vol tage may be 

fed into the rece iver to balance out undesirable leakage. 

This cons i s t s of two c o i l s in s e r i e s mounted on a polystyrene 

b a l l in the f ie ld of the tank c o i l of the o s c i l l a t o r . One 

co i l c o n s i s t s of a s ing le tu rn of heavy wire , the other wi th 
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i t s ax is a t r i gh t ang les t o i t c o n s i s t s of severa l turns 

and i s almost completely shorted by 50 ohms across i t . A 

knob on the panel of the o s c i l l a t o r cabinet r o t a t e s the 

b a l l via two bevel gears . The output i s a 50-ohm cable 

supposed to be matched a t the far end. The c i r c u i t i s shown 

with tha t of the o s c i l l a t o r i n f igure 6 and again here^in 

which Ln and L9 a re the co i l s of one and severa l t u rns 
1 ^ 

r e spec t ive ly . 

L,fJrT^-Q 
For the frequencies used, 

OJL± « R + R2 

<oL » _E3 
R * R2 

Let B be the angle of r o t a t i o n of these c o i l s in the field of 

the o s c i l l a t o r tank c o i l . 

Output across R due to L, = —1L—. n-,10"8j£? cos S 

Output across R due to RR2 
Lpr R * RS n P 1 0 - 8 ^ s i n t f 

R + R2 ^ 

Neglect ing the r e l a t i v e l y small terms, the sum of these 

becomes: 

\ = / - 3 _ c o s * - J RR2 n 8 s . n a \ 1 0 - 8 _ £ * 
V B f B 2 ( R + R 2 ) ^ L 2 / **" 
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The output of t h i s phase sh i f t e r i s a voltage with a 

manually va r i ab le phase and constant amplitude i f 

n-, R 
1 2 

n 2 ^ L 2 

At a fixed frequency t h i s equivalence may be obtained and 

the phase of i t s output vo l tage v a r i e s as the r o t a t i o n of 

the d i a l . Actual ly s ince RP increases with frequency in 

crease somewhat, t h i s property may hold f a i r l y wel l over 

a considerable range. The v a r i a t i o n of output amplitude 

for t h i s phase sh i f t e r with 6 i s shown for 10 mo. and 

30 mc. in f igure 7. The values were adjusted to give a 

p r a c t i c a l l y constant output over O a t around 10 mc. since 

t h i s i s where the B resonance was expected. 

The balancing s ignal from the phase s h i f t e r i s 

fed through an a t t enua to r d i r e c t l y i n t o the 50-ohm tap 

on the resonant c i r c u i t of the sample c o i l aî d the tuning 

condenser as shown in the rece iver diagram of f igure 8. 

The a t t enua to r used was bu i l t a s a general purpose pis ton 
29 

a t t enua to r designed according to Kar tne t t and Case . A 

disadvantage in i t s use i s i t s high i n s e r t i o n loss of 

27.6 db. a t 10 mc. Together the phase sh i f t e r and a t t enua to r 

provide independent phase and amplitude con t ro l of the b a l 

ancing vol tage . The a t t e n u a t o r i s intended to make 

s e n s i t i v i t y measurements for the r ece ive r , and a l so to 

29 . Har tne t t and Case, Proc. I .R.E. June 1935, p . 578 
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determine the ampl i tude of a r e sonance . 

5 . POWER OSCILLATOR AND SUPPLY. 

A c i r c u i t diagram of the r a d i o frequency power 

o s c i l l a t o r and supply i s shown in f i g u r e 6. 

The high v o l t a g e supply i s an e l e c t r o n i c a l l y 

r e g u l a t e d r e c t i f i e r of convent iona l type g e t t i n g i t s supply 

through a l i n e r e g u l a t o r . The I- 300 v o l t s output i s 

observed on an o s c i l l o s c o p e t o have a v a r i a t i o n of a 

few m i l l i v o l t s . The f i l a m e n t s of the o s c i l l a t o r t ubes 

a r e supp l i ed by a 6-vol t s t o r a g e b a t t e r y . 

The o s c i l l a t o r i t s e l f employs two 807 f s i n push-

p u l l , t he tuned c i r c u i t a c r o s s the p l a t e s be ing tapped on 

e i t h e r s i d e of the c e n t r e which i s a t ground p o t e n t i a l , 

to p rov ide feedback t o the g r i d s and v o l t a g e for the 

i n d u c t i o n c o i l t o which the taps a r e l inked by a sh ie lded p a i r . 

A meter r e a d s the gr id r e c t i f i e d cur ren t to i n d i c a t e the peak 

r . f. v o l t a g e on the i n d u c t i o n c o i l . The ampl i tude of 

o s c i l l a t i n g r . f. f i e l d , 2 H-^ a t t he c e n t r e of the induc t ion 

c o i l was measured a s 5 gauss . The o s c i l l a t o r may be tuned 

from 9 mc. t o about 80 mc. wi th the h e l p of t h r e e p lug - in 

t a n k c o i l s . The o s c i l l a t o r i s s t a b l e a f t e r i t warms up 

and i s u n u s u a l l y f r ee from harmonics . 
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4 . THE RECEIVERS 

The c i r c u i t diagram of the system used for 

comparing two gyromagnetic r a t i o s i s shown i n f i g u r e 8. 

With t h i s system i t i s p o s s i b l e to go from d i s p l a y i n g 

the p ro ton t o d i s p l a y i n g the B 1 1 resonance i n a few 

seconds by throwing the s i n g l e pole double throw switch 

connect ing the sample c o i l . 

The Regene ra t ive Receiver 

The p ro ton s i g n a l may be d isplayed e i t h e r by 

the i n d u c t i o n method o r by a b s o r p t i o n . I f t he r e g e n e r a t 

i ve r e c e i v e r i s s e t j u s t on t h e verge of o s c i l l a t i o n with 

t h e power o s c i l l a t o r on, a s t rong pro ton A resonance can be 

picked up. On swi tching the o s c i l l a t o r off, t h e r e g e n e r 

a t i v e r e c e i v e r goes in to o s c i l l a t i o n producing the a b s o r p t i o n 
30 

s i g n a l 

The r e g e n e r a t i v e r e c e i v e r c o n s i s t s of a s i n g l e 
31 

6AK5 tube a s a type of ca thode - fo l lower o s c i l l a t o r 

The feedback for t h i s type occurs through the ca thode-

g r i d c a p a c i t a n c e which i s s u f f i c i e n t coupl ing i n our 

c i r c u i t for any frequency above 14 mc. The r egene ra t i on i s 

c o n t r o l l e d by va ry ing t h e ca thode load r e s i s t a n c e . There 

e x i s t s an optimum s e t t i n g fo r t h i s c o n t r o l . Too s t r o n g an 

o s c i l l a t i o n causes t h e s i g n a l t o d e c r e a s e i n ampl i tude; 

too weak an o s c i l l a t i o n does not decrease t h e s i g n a l 

30. Method sugges ted by Robe r t s , R e v . S c i . I n s t r . N o v . 1947 
p . 845. 

3 1 . Cathode-Fol lower C i r c u i t s , S c h l e s i n g e r , P r o c . I . R . E . 
Dec. 1945 p . 843. 
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ampl i tude , but i n c r e a s e s t h e n o i s e . I f the o s c i l l a t i o n 

becomes extremely weak, the s imple pro ton resonance t a k e s 

on a t r a n s i e n t shape resembl ing the "slow pas sage" 

resonance , expla ined mathemat ica l ly by Jacobsohn and 
26 wangsness 

The r e g e n e r a t i v e r e c e i v e r h a s a f l e x i b i l i t y 

and a s i m p l i c i t y which commend i t , but i t i s somewhat 

u n s t a b l e i n f requency. When i t i s used t o r e c e i v e a very 

weak i n d u c t i o n s i g n a l i t becomes very awkward to ad ju s t 

with t h e ba lance c i r c u i t , owing to the in te rdependence 

of the v a r i o u s c o n t r o l s . The dependence of frequency on 

t he r e g e n e r a t i o n c o n t r o l can be understood when i t i s 

r e a l i z e d t h a t p a r t of t h e input capac i t ance t o the g r i d 

depends on the ga in of t he ca thode- fo l lower . 

The Tuned-Radio-Frequency Receiver 

Because of the aforementioned d i f f i c u l t i e s as 

we l l a s the i n f e r i o r s e n s i t i v i t y of the r e g e n e r a t i v e 

r e c e i v e r , a new r e c e i v e r was b u i l t . The a m p l i f i e r d e s 

c r ibed by Wallman, MacNee and Gadsden3 2 was chosen for 

t he fo l lowing r e a s o n s : -

1 . This r e c e i v e r , having a v e r y low-noise f i g u r e , 

i s one of t h e b e s t a s a p r e - a m p l i f i e r for any type of 

i n d u c t i o n o r a b s o r p t i o n r e sonance , i t may be adapted t o 

low-no ise p r e - a m p l i f i e r u s e by add ing an output t a p to 

32. Wallman, MacNee, Gadsden, A low-Noise Ampl i f i e r , 
P r o c . I . R . E . June , 1948, p . 700. 
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the t h i r d p lug- in c o i l (across the 6AL5 diode) , taking 

the output l i ne t o a conventional r ece ive r . 

2. This r ece ive r alone was adequate for obser

va t ion of the B 1 1 induct ion resonance. 

3. The T.R.F. rece iver does not add the compli

ca t ion of image frequencies present when a strong s igna l 

i s applied to the input , and there i s no concern about 

loca l o s c i l l a t o r no i se . 

The condensers in the matching box of the probe 

match the sample c o i l to the 50-ohm l ine which in turn i s 

made to appear a s about 10 kilohms to the 6AK5. The plug-

in tuning c o i l s have high ^ f s so that the ove ra l l radio 

frequency bandwidth is the usual audio width. The tapping 

down of the input for each coil narrows the bandwidth, and 

in the case of the second c o i l , lowers the impedance seen 

looking i n t o the cathode of the grounded-grid 6J6 preventing 

regenera t ion in the f i r s t 6AK5. The plug-in c o i l s allow 

the p o s s i b i l i t y of simple adaption to any frequency at 

which i t i s desired to work, and i t i s possible to tune 

over a few megacycles with the trimmers, or with the 

i ron-dus t s lugs of the slug-tuned c o i l s . 

The audio-ampli f ier c o n s i s t s of a 6SN7 mixer and 

a 6J5 output tube . By switching the cathodes of the 6SN7 

i t i s p o s s i b l e to r ece ive e i t h e r resonance separate ly or 

both a t once (as arranged for with an eye to future use 



- 33 -

when both s igna l s might be viewed simultaneously) . The 

audio response was taken down to a f r ac t ion of a cycle 

per second t o allow for the p o s s i b i l i t y of observing a 

resonance whi le the field i s being var ied very slowly to 

allow for a long r e l axa t ion t ime; d .c . b ias from No. 9 

f l a sh l i gh t b a t t e r i e s being used for the same reason. 

The whole rece iver i s powered by a 6-volt storage 

b a t t e r y and two 45-volt "B" b a t t e r i e s . 

Frequency Ind i ca to r s 

Besides an osc i l loscope (Dumont, model 208), 

o ther items of apparatus were two frequency ind i ca to r s . 

The basic ind ica tor* is a conventional c i r c u i t cons i s t ing 

of a p rec i s ion c^uartz c r y s t a l (SMC-100) capable of 

o s c i l l a t i n g a t e i t h e r 100 kc. p . s . or 1 mc. p . s . and a 

mu l t i v ib ra to r working normally a t the tenth subharmonic. 

Since the higher harmonics of the 100 k c . p . s . are not 

grea t enough to make a v i s i b l e beat note in the regenera t ive 

c i r c u i t a t f requencies above 20 mc. , another type f r e 

quency ind ica to r (Marconi, Type C2) which has a strong 

s t ab le o s c i l l a t o r with f ive frequency ranges between 5 mc. 

and 10 mc. was used as an in termedia te reference. When 

t h i s o s c i l l a t o r i s set a t 10 mc. on the 100th harmonic of 

the c r y s t a l , i t s t h i r d harmonic i s strong enough to p u l l 

*Buil t by Mr. D. Hunten. 
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the frequency of the regenerative o s c i l l a t o r , working 

at 30 m c , in to synchronism with i t when coupled only 

loosely. The condenser of the Type C2-indicator o s c i l l a t o r 

is the s t ra igh t l i ne frequency type - - lending i t s e l f well 

t o interpolat ion when i t is calibrated against the 

mult ivibrator of the standard indicator . Interpolation 

in the in terva ls between multivibrator heterodynes was 

aided by audible reference to a calibrated audio osc i l 

l a t o r . Another receiver which happened to be available 

f ac i l i t a t ed observation of the heterodynes a t 10 mc. 

and of the B resonance a t around 9.62 mc. No reference 

to a standard such as WWV was deemed necessary since i t i s 

a r a t i o of frequencies only which was measured. 
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EXPERIMENTAL PROCEDURE AND RESULTS 

The Samples Used. 

S e v e r a l a t t e m p t s to observe the a b s o r p t i o n and 

11 i n d u c t i o n B resonances were made wi th t h e r e g e n e r a t i v e 

c i r c u i t in t h e same way as was success fu l for the p ro ton . 

The l i q u i d samples were placed in t h e "sample b o t t l e " c o i l 

form desc r ibed on page 26. A new c o i l was made for the 

s o l i d samples which were t r i e d on the vague chance t h a t 

some might have T 1 shor t enough and T2 long enough t o 

allow a v i s i b l e resonance . The c o i l c o n s i s t s of two 

o p p o s i t e l y wound s e c t i o n s of 15 t u r n s each. The c o i l fbrm 

and s u p p o r t i n g shank a r e of p o l y s t y r e n e . The c i r c u i t was 

a l t e r e d to s u i t t he impedance of t h i s c o i l while i t was 

in use . 

The frequency was set a t about 10 mc. , the magnet ic 

f i e l d v a r i e d through t h e a p p r o p r i a t e v a l u e , and the fo l low

ing samples t r i e d : -

Pure amorphous boron 

Boron c a r b i d e ( B
4

C ) 

Sodium t e t r a b o r a t e (Na2B407 .10 H20) c r y s t a l s , and 
s a t u r a t e d aqueous s o l u t i o n . 

Tr imethy l b o r a t e (B(0CH 3 ) 3 ) , 40fr pure i n methyl 
a l c o h o l . 

Po tass ium metabora te (KB02) s a t u r a t e d aqueous 
s o l u t i o n . 
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The po tass ium metabora te was chosen because i t 

i s one of t h e most s o l u b l e * of t h e compounds of boron, 

and hence the s o l u t i o n c o n t a i n s a l a r g e number of boron 

atoms pe r u n i t volume. 

The T.R.F . r e c e i v e r was added t o the equipment and 

a B resonance observed us ing an a l k a l i n e s o l u t i o n of 

po tass ium me tabora t e i n w a t e r . The B^ resonance shown i n 

t he photograph was ob ta ined with a f r e s h l y prepared s o l 

u t i o n of t h e b o r a t e made by mixing 8 grams of HJBOg with 

10 c . c . of a b o i l i n g s o l u t i o n of 7 grams of KGH, producing 

a system d e s c r i b e d : b y : 

KOH + H3B03 ^ = ± KB02 + 2H20 

This s o l u t i o n i s about as v i s c o u s as concent ra ted su lphur i c 

a c i d , and over a few hours what i s presumably bo r i c acid 

c r y s t a l l i z e s o u t , the s i g n a l decreas ing in ampli tude a s 

t h i s happens. 

R e l a x a t i o n Times 
s a w — > • • — « « « « ^ . ^ m m ^ m m m ^ m m m m m 

Approximate in format ion may be gleaned about t h e 

r e l a x a t i o n t i m e s i n t h i s s o l u t i o n . I n s p e c t i o n of the 

60 c . p . s . d i s p l a y a s t h e average magnet ic f i e l d i s va r i ed 

s lowly through the boron resonance shows t h a t t he s igna l 

j u s t has time to r e v e r s e in h a l f a sweep p e r i o d . This 

means t h a t T i s about 0 .01 second. 

* Sugges t ion by Dr. C. A. Winkler of t he Department of 
Chemistry. 



- 37 -

No accura te idea of T2 may be obtained from t h i s 

resonance, s ince the observed width can p r a c t i c a l l y a l l be 

assigned to the inhomogeneity of H0 and the na tu ra l width 

due to the strong r . f . induct ion f i e l d . The following 

readings describe condit ions a t the time the photograph 

was t a k e n : -

Total Magnetic field (Hz) cyclic variation = 16 gauss 

Width of resonance (at .707 max. amplitude) z 3.2 gauss 

Voltage on l.l^oth. induction coil = 86 volts 
r.m. s. 

Current in coil at 9.6 mc. - 1.8 amperes 

peak 

Turns in induct ion c o i l = 6.3 turns/cm. 

Calcula t ing the f ie ld along the axis of the induction c o i l 

according to the formula, 

Hz (max. ) I 2 7fni (cos/*2 - cos A ) 

where Ay and Ag are the angles between the c o i l axis 

and the ends of the c o i l a t the point on the a x i s , gives 

a f ield a t the centre of 5.0 gauss, A rough est imation 
^3 of the f i e l d off the axis*" shows t h a t : 

average f ie ld over the sample = about tha t on the a x i s 

- 4.3 gauss 

i . e . 2H1(av. ) = 4 . 3 gauss 

33. Smythe, W.R. , S t a t i c and Dynamic E l e c t r i c i t y , 
McGraw-Hill p . 267. 
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When the known inhomogeneity of 0.9 gauss from the proton 

resonance i s added t o t h i s , the expected width of B 1 1 

resonance becomes 5.2 gauss, about 60% grea te r than the 

observed width of 3 .2 gauss. The conclusion i s that the 

86 v o l t s i s an over es t imat ion of the c o i l vol tage due to 

the inductance of leads between o s c i l l a t o r and induction 

c o i l . .-e may conclude t h a t 

T2>TT 

> 10~4 sec. 

Magnetic Moment of B 1 1 

In making the comparison of the gyromagnetic 

r a t i o s of the two n u c l e i , two features were desired in 

the d i sp lay : 

1. Any f luc tua t ions in the magnetic f i e ld sha l l be random 

or cyc l i c so tha t they w i l l average out over a number of 

readings . On simple inspect ion the movements of the 

resonance seemed to be of t h i s type. 

2. The read ings must be taken in such a way that any 

t r a n s i e n t phenomenon ex i s t ing in the resonance or out-of-

phase condi t ion in the fore and back sweeps w i l l not 

a f fec t the average value obtained. The condi t ions in (2) 

do not mat te r in p r i n c i p l e if the resonances a re set 

in the cen t re of the sweep and the two adjusted together 

for symmetry. 
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The procedure followed to eliminate these errors 

was to adjust the phase of the sweep so that the two peaks 

of the proton resonances coincided, and then take as many 

readings of tne boron fore-sweep resonance as of tne back-

sweep one. On account of the value of T,, one or the 

other of these is larger depending upon which side of the 

centre of the sweep the boron resonance lies. In either 

case tne larger of the two resonances was adjusted to the 

marker on the screen. Taking the resonance readings off-

centre also improved the degree of discrimination between 

resonance and a slignt amount of 120 c.p.s. spurious 

signal in the display. 

The induction resonance of the B nucleus at 

about 9.6 mc. was compared to the absorption resonance of 

the proton at 30.0 mc. Between each reading of the B 

resonant frequency, the variable oscillator of the 

secondary frequency indicator was set on 10 mc. * 30 c.p.s., 

the 100th harmonic of the SMC-100 crystal. The regenerative 

receiver frequency was adjusted to have a low or zero 

frequency difference with its third harmonic and 

simultaneously the magnetic field adjusted to make 

the average position of the proton resonance coincide 

with a mark on the screen. A switch to the B 1 1 
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resonance r e q u i r e d only a few seconds . The power 

o s c i l l a t o r was then adjus ted to make the B 1 1 resonance 

c o i n c i d e with the same mark, and i t s frequency read 

a g a i n s t t he d i a l of t he secondary i n d i c a t o r . * switch 

back aga in t o the p ro ton resonance found i t s average 

value on the mark and i t s frequency wi th in an es t imated 

- 200 c . p . s . of 30 mc. The sweep f ie ld was 16 gauss . 

Before t h e r e a d i n g s were t a k e n , t he whole appara tus was 

allowed t o warm up for over two hours , and the p r e c i s i o n 

work was done in the evening so t ha t t h e r e would be fewer 

surges in the a . c . l i n e s due to the changing loads of power 

t o o l s . 

The d i a l r e a d i n g s taken for the B resonan t f r e 

quency a r e a s f o l l o w s : -

Cond i t i ons 
Secondary Standard Res idual 

Frequency Dial average ( d i ) d* 2 

H 0 ( av . )<resonance 
va lue 

9.6249") 
9.6248L 
9.6241) 

4-
4- 1 
- 6 

2 x 10~4 4 x 1 0 " 8 

1 
36 

H (av . ^ r e s o n a n c e 
0 va lue 

9.6247 
9.6241 
9.6247 
9.6233 
9.6243 
9.6245 

9.62427 

*• 4 
- 2 
I 4 
-10 

0 
f 2 

16 
4 

16 
100 

0 
4 

H 0 ( av . )<;resonance 
va lue 

9.6249 
9.6248 
9.6246 

9.62468 
«. 2 
f 1 
- 1 

4 
1 
1 

a v e r a g e of fo re and back resonance = 9.62447 mc. djL = 187 x 10 - 8 
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The c a l i b r a t i o n of the d i a l was effected by 

reference to the audio s ignal genera tor and the mul t iv ib ra to r 

of the primary frequency i n d i c a t o r . The l a t t e r , wrk ing 

a t the ninth subharmonic, gives frequencies a t 

9.6000 4- 0.100 n mc. (n is an in teger) 
9 

Ca lb i ra t ion yielded the following readings: 

Dial Reading Audio Note Osc i l l a to ry Frequency 

9.6220 0 c . p . s . 9.62222 mc. 

9.6240 2080 9.62430 

9.6250 3160 9.62538 

9.6330 0 9.63333 

By i n t e r p o l a t i o n t he boron resonance frequency becomes 

9.62481 mc. 

Assignment of Errors : The e r r o r s which may occur are of 

two k inds : random and systemat ic . 

The chief causes of the spread in the above d ia l 

readings a re the e r ro rs in judging exactly the average 

pos i t i ons of the two resonances with respect to the mark on 

the screen, and the v a r i a t i o n of the average value of the 

f ie ld between observa t ions . The probable e r ro r computed 

from the readings i s a fa i r measure of random er ror from 

these sources. This spread of readings a l so contains 

two cascaded e r r o r s involved in s e t t i n g the regenerat ive 

r ece ive r exac t ly on 30 mc. Estimated e r r o r s a r e : 

*30 c . p . s . in s e t t i n g the va r iab le o s c i l l a t o r of the secondary 
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standard on the 100th harmonic of the c r y s t a l , and 

_200 c . p . s . for adjust ing the regenera t ive rece iver to 

the v a r i a b l e o s c i l l a t o r . These two e r ro r s a re not independ

ent of the e r ro r s shown by the randomness of the read ings , 

s ince i f the frequency of the regenera t ive o s c i l l a t o r 

i s set wrongly, the r e s u l t i n g s e t t i n g for the boron resonance 

should be wrong by the same f rac t iona l amount. The probable 

e r ro r for the set of readings covers a l l random er ro rs 

except the c a l i b r a t i o n e r ro r of the ind ica tor d i a l . This 

c a l i b r a t i o n was carr ied out immediately a f t e r the readings 

were taken. There i s no backlash in the d ia l ; however, 0.1 

d iv i s ion or 0.0001 mc. i s thought to be a reasonable probable 
34 

e r r o r . From the readings we have the probable error for a 

s ingle determinat ion: 

r - .?0.6745 1/ S 
•n-f 

where n i s the number of reaaings . 
-8 

= 1 0.6745 ' 1 8 7 x 1 0 

r Z ± 2 .8 X 10"4
 m o . 

For the set the probable e r ro r i s : 

R : + r 

- t 0.8 x Kr 4 mc. 

dding the assumed dia l e r ror the t o t a l known probable error 

becomes: 

Jx 
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P = t / . 8 2 * l 2 x 10"4 

= t 1.3 x 10"4 mc. 

I t i s not iced in the readings t ha t the averages of 

the fore and back resonances d i f fe r by 0.00041 mc. This 

could be due only to the presence of a t r ans i en t component 

in one or both of the resonances, s ince the peaks of the 

proton resonance were adjusted toge ther . The d i rec t ion of 

the sh i f t i s such t ha t the proton peak must occur jus t 

a f t e r / =0 , or the boron peak before J = 0. Inspect ion 

of the proton resonance shows a t r a c e of the "wiggles" 

explained by Pur c e l l and by Jacobsohn and Ytfangsness 

who show tha t the peak of the absorpt ion, i s delayed a 

s l i gh t amount in t h i s case . Because of the known small value 

of Tn the re i s a s l i g h t mixture of slow passage type 

resonance in the boron s igna l . This mixture sh i f t s the peak 

of the resonance so tha t i t occurs s l i gh t ly before 6-0 

Both these s h i f t s a r e in the same d i rec t ion and combine t o 

produce the above difference in the averages. In any case 

a l l but second order e r r o r s due to t h i s shif t a re cancelled 

out by the method followed in taking the readings. 

Systematic e r r o r s could a r i s e from d r i f t of the 

magnetic f i e ld or of the frequencies of the ind ica to r s 

c o n s i s t e n t l y in one d i rec t ion during the time of the experiment. 
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Because the r e tu rn from the boron to the proton resona 
nee 

a f te r each measurement u s u a l l y found the l a t t e r in good 

adjustment, i t i s bel ieved tha t neg l ig ib le d r i f t in one 

d i r ec t i on of the magnetic f ie ld was present . Both frequency 

i nd i ca to r s a re very s t a b l e a f t e r warming up, and could not 

have dr i f t ed more than a neg l ig ib le amount over the time 

occupied by the readings . The d r i f t during th i s time i s 

the only one which could introduce an er ror since ca l ib ra t ion 

was car r ied out immediately afterwards. 

Assymmetry of the resonance due t o an assymmetrical 

inhomogeneity over the sample or the presence of confusing 

spurious s ignals on the screen could also introduce systematic 

e r r o r s . Inspec t ion of the photographs of the resonances 

shows them t o be reasonably symmetrical, but that spurious 

s igna ls which a r e confusing for the placing of the boron 

resonance a r e p resen t . Systematic error from t h i s source i s 

d i f f i c u l t to assess , and i s neglected because care was taken 

during the readings to place the resonance on f l a t r a the r 

than s lop ing p a r t s of the display, and to read by areas 

between resonances and spurious signals ra ther than by the 

peaks of the former. There a r e no other reasons known for 

systematic e r r o r s . 

Resu l t s : The boron resonant frequency may be s tated as 

9.62481 - 0.00013 fW ft, 

which g ives a r a t i o for the two f requencies : 
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"P A. 

-3S- I 9.62481 - 0.00013 : 0.320827 - 0.0000043 
rp 30.0000 

35 

C o r r e c t i o n s : The Lamb c o r r e c t i o n for diamagnetism in 

atoms i s a f a c t o r of 

(1 V 0.319 x 10~4 {Z ) V/3 ) where Z = at Ate. 

i n c r e a s i n g the observed v a l u e of the gyromagnetic r a t i o because 

the f i e l d a t t h e nuc l eus i s weakened b y the p l a n e t a r y e l e c t r o n s , 

Neg lec t ing the e f f e c t of the molecular b ind ing on the 

e l e c t r o n i c wave Amot ions the f r a c t i o n t o be app l i ed t o the 

above r a t i o i s : 

1 + 2 . 4 1 x 10~4 

g iv ing the r e s u l t 
ftfl ; 0.320904 J- 0.0000043 

Using the v a l u e 2.7928 to .0008 for the p ro ton , ana a r a t i o of 

3 for t h e i r s p i n s , 

= 2.6887 t 0.0008 n. YV\. 

Agreement wi th Concurrent Work 

Since the above measurement was made, two de te rmi 

n a t i o n s of the magnet ic moment of t he B 1 1 nuc leus have been 

made known. J± r e c e n t l y pub l i shed l e t t e r by Zimmerman and 

W i l l i a m s 3 6 g i v e s a TBLue 

= 2.700 - 0.008 n u c l e a r magnetons 

35 . Lamb, W. E. , Phys. Rev . , Dec. 1, 1941, p . 817. 
36 . Zimmerman and .Ti l l iams, Phys . Rev. Dec. 1 5 , 1948, p . 1885. 
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They detected the absorp t ion resonances of B 1 1 and Na23 in 

an aqueous so lu t ion of N a
2 B 2 0 4 using a super-regenerative 

rece iver and r e fe r r ed to the value for the magnetic moment 

of sodium which was given as 2.217 - 0.002 by Millman and 
19 19 

Kusch . In the same paper they give the value of 

2. 687 ' to .008 for B 1 1 , the e r ro r of which overlaps t ha t of 

Zimmerman and Williams. The e a r l i e r paper1 6 of Millman, 

Kusch and Rabi gives the lower answer, 2.682 t 0.008 with 

which the value 2.700 i s a t va r iance . 

The other determinat ion i s given in an in te rna l 

report by Professor B i t t e r of Massachusetts I n s t i t u t e of 

Technology in which the r e s u l t quoted i s 

2.6857 t 0.02$ 

assuming the proton value to be 2.78960 and disregarding 

i t s e r r o r . Under the same premise the value obtained by 

the w r i t e r i s 

2.68558 t 0.00004 

which i s i n s u b s t a n t i a l agreement with the M.I.T. value 

but d e f i n i t e l y a t var iance with the value of 2.700 - 0.008. 

Note rm thf> Amplitude of the B 1 1 Resonance 

I t was found experimentally tha t t he minimum leakage 

from induct ion c o i l to rece iv ing c o i l could be reduced consi

derably by paying ca re fu l a t t e n t i o n to the pos i t ion of the 

r ece iv ing c o i l along the ax i s of the former. The B signal 
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became nicely visible without the need of the balance 

circuit and the attenuator was released for other use. 

Using this attenuator, a known voltage was fed 

into the receiver 50-ohm line from a signal generator. A 

beat note whose half-period corresponded to the resonance 

width was produced on the display, caused by the leakage from 

the power oscillator. I ts amplitude was adjusted to equal the 

resonance height. From this the B11 resonance amplitude 

may be estimated. If the sample coil and attenuator are 

matched to each other in this circuit, the^ regardless of 

the receiver input impedance, the available signal powers 

from each are the same when the display voltages from each 

are equal. In the case of a mismatch the following formula 

may be derived: 

"r 
a - - O I L . E Q 

<r R A 

where oo L r reactance of sample coil 

E0 = open circuit attenuator output 

K, s attenuator internal resistance 
JX 

(J* = voltage step-up ratio of the condensers 
matching sample coil to 50-ohm line. 

In our case a mismatch exists. The attenuator internal 

resistor was made by putting aquadag on paper to get a 

radial conductor in the coaxial line which would have an r. f. 
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r e s i s t a n c e approximating c lose ly to i t s d . c . value. I t s 

value increased to 69 ohms from i t s o r i g i n a l value of about 

50 ohms. Solu t ion was sp i l l ed on the sample co i l lowering 

i t s % to 130 from a higher va lue . Both effects produce a 

mismatch in the same d i r e c t i o n . At the time of the measurement 

the following were the pe r t i nen t v a l u e s : -

CJL = 33.2 ohms 

EQ r 140 ^M •. 

C = 13 

R^ = 69 ohms 

a = 55.2 x 140 
13 x 69 

- 5.2 ,UK 

This must be increased by about 20% on account of field 

inhomogenei ty , gi vi ng 

a p = 6 .2 /4^ 

An e r ro r of - 40$ i s estimated for t h i s because of er rors 

in comparing the small d e f l e c t i o n s on the screen, the 

length of coaxia l l i n e s with mismatches, and the er rors in 

the var ious measured q u a n t i t i e s involved. This value i s to 

be compared with 6 .0^vob ta ined for the amplitude fromBloch's 

theory d is regard ing the effect of re laxat ion t imes. 

As explained by Bloch, the optimum condition for 

observa t ion of a nuc lea r induct ion resonance occurs when 

2 1 
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causing the i n t e g r a l in the expression for M(t) to approach 

the va lue T i H Q and 

M ( t ) - » / HQ 

A suspic ion t ha t t h i s condi t ion impends in th i s experiment 

was gathered from the former conclusions that 

T *— .01 s e c . 

T > 10~4sec. 
2 r 
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CONCLUSIONS 

The Experiment . 

Cons iderab le accuracy has been a t t a i n e d in the 

comparison of t h e gyromagnet ic r a t i o s or the proton and 

B in s p i t e of some adverse f e a t u r e s in the appara tus . 

This has been accomplished by extreme care in t h e measure

ment, and t h e arrangement or f a c t o r s tending to in t roduce 

e r r o r s so t h a t a s l i t t l e a s p o s s i b l e sys temat ic er ror i s 

i n t r o d u c e d , t h e predominant e r r o r being tha t of pure 

random v a r i a t i o n s . 

The v i s c o u s potass ium metabora te used i s a very 

good type of sample fo r t h i s a p p a r a t u s , having the two 

advan tages or high d e n s i t y of nuc l e i and the c o r r e c t 

r e l a x a t i o n t i m e s for maximum s i g n a l . In the i n v e s t i g a t i o n 

or o t h e r n u c l e i i t i s p robably advantageous t o look for a 

v i scous sample l i k e the one used he re . 

The A p p a r a t u s . 

Noise in the s i g n a l comes mainly from two sources . 

I t should be f e a s i b l e to reduce i t by some a t t e n t i o n t o 

t h e s e s o u r c e s . Some n o i s e coming from sparking in the 

commutator of t h e gene ra to r could be e l im ina t ed by 

o v e r h a u l i n g the g e n e r a t o r and a l s o by bu i ld ing a new 
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shield for r . f . components between the pole pieces. The 

s lo t s in th i s shield which have been found to be unnecessary 

undoubtedly admit some spurious r.f . f ields from the 

magnet and should be eliminated in any future design. 

There i s modulation or a few mi l l ivol t s in the high tension 

supply for the r . f . o sc i l l a to r which adds to the noise. 

Detection of the signal in the 6AL5 diode occurs best when 

a few vo l t s of leakage are present across i t . This means 

that the modulation percentage of the r . f . osc i l la tor should 

be small enough that i t i s negligible compared with the 

signal at t h i s point. The scheme for reducing the leakage 

by using coi l s whose construction gives e lec t r ica l balance 

to ground and orienting one coil mechanically to the other 

i s very sa t i s fac tory in adjusting for the optimum leakage. 

With the at tenuator and phase shi f ter i t is possible to 

adjust the leakage to so low a value that the 0 - 100 

meter in se r i e s with the diode reads p rac t ica l ly zero. 

This apparatus does not lend i t s e l f to the 

measurement of the transverse re laxat ion time with induction, 

but l ine widths using the regenerative receiver absorption 

method can beestirnated, although some repeated adjustments 

for homogeneity a re necessary to give accurate r e s u l t s . I t 
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i s not d i f f i c u l t to es t imate the longi tudinal r e laxa t ion 

time from the induct ion resonance when i t i s of the 

order of magnitude of the sweep period or l e s s . 

The f e a s i b i l i t y of checking qu i t e accurate ly 

the ampli tudes of s i g n a l s with th i s apparatus was 

e s t ab l i shed with the method out l ined in the note on the 

amplitude of the B 1 1 resonance (see page 46). The import 

of such a measurement i s s ign i f i ed by the expression for 

a p in which 

a r oc n l ( l + 1) 

I f two i so topes whose r e l a t i v e abundance and gyromagnetic 

r a t i o s a r e known e x i s t in equivalent molecular s t a t e s in 

the same sample, the i r r e l axa t ion t imes may be expected to 

be equal , o r very c lo se ly so; and a determination of t h e i r 

r e l a t i v e spins may be made by measuring the amplitudes of 

t h e i r resonances . Bloch and his co l l abora to r s estimated 
12 

the sp in of the t r i t o n in t h i s way . Measurements would 

be maae a t the same frequency, changing the magnetic 

f i e l d from one resonance to the o t h e r , the p rec i s ion piston 

a t t e n u a t o r being used to e s t ab l i sh the r a t i o . 
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