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NUCLEAR SPIN RELAXATION IN GASEOUS H 2, HD and D 2 

ABSTRACT 

The l o n g i t u d i n a l and transverse nuclear r e l a x a t i o n 

times, Ti and T 2, have been measured i n normal H2 gas at 
77.5°K i n the pressure range 0.05 to 2 atmospheres. In 
thi s region Ti goes through a minimum, and T 2 deviates 
s i g n i f i c a n t l y from a l i n e a r dependence on the density. 
Comparison of the experimental data with e x i s t i n g theory 
establishes the following r e s u l t s for the J=l state of 
orthohydrogen: -

i . a utocorrelation functions of the molecular angular 
momentum operators are exponential or nearly so, 

i i . the r a t i o of the c o r r e l a t i o n times "̂1 , "̂ 2 which 
are associated with operators of the form J+, and 
J$. r e s p e c t i v e l y l i e s within the l i m i t s 0.6 ^ 
t l / t 2 ^ 1, and 

i i i . the s p l i t t i n g of the molecular Zeeman l e v e l s can
not be neglected as i n the o r i g i n a l Schwinger 
theory. 

Ti for the proton and deuteron i n HD gas and for the 
deuterons i n normal D 2 gas was measured as a function of 
temperature and pressure i n the range 20 to 37 3°K and 
0 to 8 atmospheres. To within experimental error the 
dependence of T-̂  on the density ^ i s l i n e a r . In HD be
low 650K, when only the J=0 and J=l states of the 
molecule are appreciably populated, the temperature de
pendence of T-̂ /̂ > i s i d e n t i c a l f o r both proton and 
deuteron, leading to a value of f / T 2 = 1.07 t 15% 
for the J=l state of HD. Above 100°K, T ± f f o r the 
proton i s inversely proportional to the temperature, 
whereas for the deuteron T^/ ̂  i s almost temperature 
independent. The experimental r e s u l t s are interpreted 
as evidence that i n HD gas the process of molecular 
r e o r i e n t a t i o n i s dominated by the anisotropic i n t e r -



molecular force a r i s i n g from, the separation of the. centres 
of mass and charge, of the molecule. In gas two relaxa
t i o n times were found, one associated with the S=l. spin 
state of paradeuterium and the other associated with the 
S=2 spin state of orthodeuterium. At 40°K (T, / £ ) 
appears to go through a minimum; the analogous quantity 
i n measured by previous workers also goes through a 
minimum;, but. at 80°K, This i s consistent with interpre
ti n g the minimum as a quantum, mechanical d i f f r a c t i o n 
e f f e c t . The J«2 component of (T-^/ £ )g_2 J however, does 
not. go through a minimum., which suggests that the i n t e r 
molecular in t e r a c t i o n s are s i g n i f i c a n t l y d i f f e r e n t for 
the J=l and J=2 states of the molecule. 
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ABSTRACT 

The longitudinal and transverse nuclear relaxation 

times, T^ and Tg, have been measured i n normal Hg gas at 77.5°K 

in the pressure range 0.05 to 2 atmospheres;. In t h i s region 

Tj goes through a minimum, and Tg deviates s i g n i f i c a n t l y from 

a l i n e a r dependence on the density. Comparison of the experi

mental data with existing theory establishes the following re

sults for the J s l state of orthohydrogen: 

i . autocorrelation functions of the molecular angular 

momentum operators are exponential or nearly so, 

i i . the r a t i o of the co r r e l a t i o n times , 7J ,̂ which are 
2 

associated with operators of the form J + , and J + 

respectively, l i e s within the l i m i t s 0.6^ T ^ / ^ ^ 1» 

i i i . the s p l i t t i n g of the molecular Zeeman levels cannot 

be neglected as i n the o r i g i n a l Schwinger theory. 

T^ for the proton and deuteron i n HD gas and for the 

deuterons i n normal Dg gas was measured as a function of tem

perature and pressure i n the range 20 to 373°K and 0 to 8 

atmospheres. To within experimental error the dependence of 

TJL on the d e n s i t y p i s l i n e a r . In HD below 65°K, when only 

the J=0 and J - l states of the molecule are appreciably popu

lated, the temperature dependence of T^/f> i s i d e n t i c a l for 

both proton and deuteron, leading to a value of T^/Tjg - 1 , 0 7 $ £ ' 1 5 % 

for the J - l state of HD. Above 100°K, T^p for the proton i s 

inversely proportional to the temperature, whereas for the 
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deuteron * s a l m o s t temperature independent. The experi

mental results are interpreted as evidence that i n HD gas the 

process of molecular reorientation i s dominated by the anisotro

pic intermolecular force a r i s i n g from the separation of the 

centres of mass and charge of the molecule. In Dg gas two 

relaxation times were found, one associated with the S=l spin 

state of paradeuterium and the other associated with the S=2 

spin state of orthodeuterium. At 40°K appears to go 

through a minimum; the analogous quantity i n Hg measured by 

previous workers also goes through a minimum, but at 80°K. 

This i s consistent with interpreting the minimum as a quantum 

mechanical d i f f r a c t i o n e f f e c t . The J=2 component of ffilf^tf-^ t 

however, does not go through a minimum, which suggests that the 

intermolecular interactions are s i g n i f i c a n t l y d i f f e r e n t for the 

J=l and 1-2 states of the molecule. 
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CHAPTER I 

INTRODUCTION 

The techniques of Nuclear Magnetic Resonance (N.M.R.) 

allow us to study the c o l l e c t i v e behaviour of the nuclear spins 

in a bulk sample; i n p a r t i c u l a r , we can measure the rate at 

which the nuclear spins approach thermal equilibrium with their 

surroundings. In most diatomic and polyatomic gases the mechan

ism of relaxation i s the so-called Schwinger mechanism, whereby 

the spins are relaxed by the internal magnetic f i e l d s of the 

molecule which fluctuate as a result of molecular c o l l i s i o n s . 

If the internal interactions are known, as they are i n hydrogen 

and i t s deuterated modifications, nuclear spin relaxation times 

can provide detailed information on the process of molecular 

reorientation, which i n turn gives information on the anisotro

pic interactions between molecules. The aforementioned p o s s i b i l 

i t y was the motivation for a systematic study of relaxation i n 

gases begun by Lipsicas and Bloom*, of which this thesis i s a 

continuation. We now give a b r i e f sketch of the elements of 

magnetic resonance. (See Abragam^ for a complete discussion.) 

An iso l a t e d nucleus with spin angular momentum t i l 

and magnetic moment p = #~ftl c o l l i n e a r with i t , has energy 

levels i n a magnetic f i e l d H Q given by 
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where mj i s the projection of I along the d i r e c t i o n of the ex

ternal f i e l d , usually taken to be the z-axis of the coordinate 

system. Let us now consider an assembly of spins weakly inter 

acting with t h e i r environment. After thermal equilibrium has 

been established the ensemble of spin systems can be described 

by the population densities of the energy levels E m , given by 

the Boltzmann d i s t r i b u t i o n function 

T i s the temperature of the matter i n which the nuclear spins 

are embedded, normally call e d the " l a t t i c e " temperature, 

irrespec t i v e of whether the sample is a s o l i d , l i q u i d or gas. 

In a gas the " l a t t i c e " consists of the molecule on which the 

spin i s situated which i s coupled by c o l l i s i o n s to the rest of 

the molecules i n the gas. (For a dilute hon-monatomic gas, the 

int e r a c t i o n between spins on d i f f e r e n t molecules can be neg

lected.) The net magnetization of a bulk sample containing N 

spins i s therefore given by 

(1.2) 

ir»=-x 

I I 

3kT 

(1.3) 
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For H 0 = IO 4 gauss HQ i s of the order IO - 4 ?K for most nuclear 

species,so that the high temperature approximation i s v a l i d for 

T » IO"4 °K. 

We now investigate the behaviour of the magnetization 

It in the presence of a rotating r . f . f i e l d perpendicular to H . 

Neglecting relaxation effects ( i . e . neglecting the i n t e r a c t i o n 

of the spins with t h e i r surroundings) the equation of motion for 
—> 
M i s 

AH = K n x H 
d t (1.4) 

— i * 
where H i s the t o t a l magnetic f i e l d applied to the sample. 

This follows from the fact that the quantum mechanical expec

tation value of the magnetic moment of a single spin obeys the 

corresponding c l a s s i c a l equation of motion. 

To solve (1.4) i t i s convenient to transform to a 

reference frame rotating with angular v e l o c i t y OJ with respect 

to the laboratory frame. In the rotating frame the equation 

of motion for M becomes: 

^ +?] 
(1 . 5 ) 

If H i s only the s t a t i c f i e l d H 0 along the 2!-axis f then by 

choosing ^= - X l ^ T c ^ l k ^ i s a unit vector i n the Z-direction) 

we get ^13= 0 so that I^fis fixed i n the rotating reference 

frame. Therefore^in the laboratory frame M precesses about 

H 0 at the frequency w~- -X H Q , c a l l e d the Larmor frequency. 

Suppose now we add to H Q a f i e l d rotating at a 

frequency UL> perpendicular to H Q . If the rotating reference 

_ ^ M x 



- 4 -

frame i s chosen to have i t s x - a x i s c o i n c i d e n t w i t h H,, the equa-
i 

t i o n of m otion f o r M i n t h i s frame i s now 

IM _ K X r W 

where 

(1.6) 

( i. i s a u n i t v e c t o r i n the x - d i r e c t i o n of the r o t a t i n g r e f e r 

ence frame.) M t h e r e f o r e r j r e c e s s e s about Ho{. ^ w i t h a n g u l a r 

v e l o c i t y + u;)l+ ] * . F o r Ho + » H, 

the e f f e c t i v e f i e l d i s e s s e n t i a l l y a l o n g the z - a x i s and the 

r . f . f i e l d has l i t t l e e f f e c t on M. The e f f e c t o n l y becomes 

pronounced when HQ + <jl st H .̂ T h i s phenomenon i s c a l l e d 

n u c l e a r magnetic resonance (N.M.R.). At resonance, when 

w = - X H q , the m a g n e t i z a t i o n M r o t a t e s about the y - a x i s 

w i t h a n g u l a r v e l o c i t y ^ . Note t h a t f o r v a n i s h i n g l y s m a l l 

the resonance i s i n f i n i t e l y s h a r p ; t h i s r e s u l t s from our 

n e g l e c t of r e l a x a t i o n e f f e c t s . 

I n p r a c t i c e the r . f . f i e l d i s produced by w i n d i n g 

a c o i l around the sample and t h e n p a s s i n g an r . f . c u r r e n t 

through the c o i l . The r e s u l t i n g o s c i l l a t i n g f i e l d can be 

thought of as c o n s i s t i n g of two c o u n t e r r o t a t i n g components. 

When one of the components s a t i s f i e s the resonance c o n d i t i o n , 

the o t h e r component i s o f f resonance by an amount 2% HQ and 

hence can be n e g l e c t e d . The above s o l u t i o n f o r M ( t ) i n the 

presence of a r o t a t i n g r . f . f i e l d i s t h e r e f o r e a l s o v a l i d f o r 

o s c i l l a t i n g r . f . f i e l d s . 



The preceding paragraphs indicate a method for d i s 

turbing the spin system from equilibrium. We now want to d i s 

cuss the manner i n which the spin system returns to thermal 

equilibrium after the perturbation is removed. In most l i q u i d s 

and gases i t i s found that the nuclear magnetization M can be 

described by the phenomenological equations proposed by Bloch^: 

(1.7) 
— 

The f i r s t term describes the motion of M for a c o l l e c t i o n of 

free spins. The second and t h i r d terms represent the relax

ation e f f e c t s , and in the absence of an applied r . f . f i e l d 

lead to the following time dependences for Mx, and M z i n 

the rotating reference frame: 

_ ; t _ 

t _ 

f % f c ) - Mo i - C ^ - M o ^ e ' T , 

(1 . 8 ) 

T^ and T 2 are c a l l e d the longitudinal and transverse relaxa

tion times respectively. C l e a r l y , by c y l i n d r i c a l symmetry 

the time dependencies of M„ and IM must be i d e n t i c a l . M„ 
x y Z 

w i l l i n general have a d i f f e r e n t time dependence than NL or 

My since a change in M z involves an exchange of energy with 

the l a t t i c e . 

The detailed theory of relaxation reviewed i n chapter 

II confirms the correctness of the Bloch equations for the 



three gases of int e r e s t , and i n addition relates the relaxation 

times Ti and Tg to the detailed properties of the molecules. 

We anticipate here some of the general features of the results 

quoted i n chapter I I . 

The basic relaxation mechanism i n hydrogen and i t s 

deuterated modifications has already been stated: the nuclei 

are relaxed by the fluc t u a t i n g internal f i e l d s of the molecule. 

For the proton i n Hg and HD two intramolecular interactions 

e x i s t : the dipole-dipole interaction between the two nucl e i , 

and the spin-rotational i n t e r a c t i o n . For the deuteron i n HD 

and Dg an additional i n t e r a c t i o n e x i s t s , namely the inte r a c t i o n 

between the quadrupole moment of the deuteron and the e l e c t r i c 

f i e l d gradient at the s i t e of the deuteron. In an isola t e d 

molecule these interactions are s t a t i c and therefore not e f f e c 

tiv e i n producing relaxation. However, for a molecule i n a 

gas the anisotropic forces acting during c o l l i s i o n s cause the 

state of the molecule to change, with consequent changes i n 

the internal f i e l d s at the nuclear s i t e s . The longitudinal 

relaxation rate 1/T^ i s determined e s s e n t i a l l y by the compo

nent of these fluctuating f i e l d s at the Larmor frequency 

Let us investigate the behaviour of 1/T as a 

function of tc t the average time between c o l l i s i o n s that change 

the state of the molecule. If the fluctuations are very fast 

( - i - ^ ) then we expect ^L- oL ~£c ; i . e . the shorter i s , the 

smaller the component at the Larmor frequency. As increases, 

the fluctuating f i e l d s w i l l have a maximum ef f e c t when J- i s 

of order the Larmor frequency. T, therefore goes through a 
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minimum a t - ^ r UJ 0 . Now i n a d i l u t e gas one can always de-

fine a cross-section <T for c o l l i s i o n s that change the state 

of the molecule and 

f V 

where "v- i s the r e l a t i v e v e l o c i t y of a pair of c o l l i d i n g mole

cules and the bar indicates an average o v e r f a l l v e l o c i t i e s . 

p i s the density of the gas i n molecules/c.c. Therefore, at 

high gas pressures ^ 

and at constant temperature ~J[ aC 

This corresponds to pressure narrowing of the resonance l i n e . 

A l l previous Tj^ measurements i n gases have been limited to the 

high density, pressure narrowed region because of signal/noise 

considerations. One of the main contributions of this thesis 

i s a study of the T^ minimum i n H^. 

Note that in general two parameters % and T a are re

quired to describe the fluctuating f i e l d s experienced by the 

n u c l e i . At high densities, T^ measurements give no informal 

tion on the r e l a t i v e magnitudes of t , and TX, and i t i s usually 

assumed that % ~ T-^ - T t . However, the shape and value of 

the Tj minimum are to a certain extent dependent on the r a t i o 

XK/XX and a study of T^ i n the region of the minimum can in 

p r i n c i p l e y i e l d a value of XX / XX. The transverse relaxation 

rate, l/Tg, depends on both the zero frequency and Larmor f r e 

quency components of the f l u c t u a t i n g f i e l d s . Although Tg does 
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not go through a minimum, i t deviates s i g n i f i c a n t l y from a 

li n e a r dependence on the density i n the region of the 

minimum,and a study of Tg can be used to supplement the T^ 

r e s u l t s . 

In heteronuclear molecules such as HD, the r a t i o 

can be obtained by another method, as was pointed out 

by Johnson and Waugh.4 In the pressure narrowed region the 

relaxation times for the proton and for the deuteron are 

governed by d i f f e r e n t l i n e a r combinations of Ti and 

Hence a measurement of both proton and deuteron relaxation 

times w i l l also y i e l d a value of "27/?^. This was the prime 

motive for the study of T^ i n HD. 

The study of T^ i n Dg was prompted by the fact that 

( i n contrast with Hg) both ortho and para modifications (see 

Ch.II) of the Dg molecule have observable nuclear spin states. 

The two relaxation times are expected : i n general to be quite 

d i f f e r e n t . In addition, a s t u d y of T^ i n Dg i s a valuable 

supplement to existing relaxation measurements i n Hg, since 

the intermolecular interactions for both molecules are i d e n t i 

c a l . 

Chapter II presents the theory of relaxation i n Hg, 

HD and Dg i n some d e t a i l and contains also a more complete disr-

cussion of the significance of the measurements attempted. In 

chapter III the experimental methods and the apparatus are 

described. Chapter IV contains the experimental results and 

th e i r i n t e r p r e t a t i o n . In chapter V the main results of the 
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thesis are summarized. Appendix A contains c i r c u i t diagrams 

for various parts of the electronics; Appendix B contains a 

theoreti c a l treatment of the operation of a boxcar integrator, 

a device used throughout the measurements to improve the 

signal/noise r a t i o . 
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CHAPTER II 

THEORY OF RELAXATION IN HYDROGEN AND ITS DEUTERATED MODIFICATIONS 

2-1 General Properties of Hg, Dg ( HP 

a) H a 

The internal degrees of freedom of the Hg molecule 

correspond to the electronic states ( o r b i t a l and spin), the 

vib r a t i o n a l and rotational states of the two nuclei and the 

nuclear spin states. However, at room temperature and below 

only the ground electronic ;and v i b r a t i o n a l states are occupied. 

The hydrogen molecule can therefore be treated as a r i g i d ro

tator with one extra degree of freedom, namely that associated 

with the nuclear s p i n s 4 ' ^ . t n e state of the is o l a t e d molecule 

can then be specified by the rotational angular momentum quan

tum numbers, J, Mj and the proton spin quantum numbers I ,-irij 

(I = + Ifg, mj. = m-j- + m-j- ).: 

X 2 
Now since the protons are Fermions (1^ = !•• = ^) the 

to t a l wave function for the molecule must be anti-symmetric 

with respect to interchange of the two protons. Both the 

vi b r a t i o n a l states and the ground ele c t r o n i c state have symmet

r i c wave functions with respect to interchange of the two protons. 

The rotational states of the molecule are symmetric for J even 

and anti-symmetric for J odd. In addition the spin state of 

the protons i s symmetric or anti-symmetric according to whether 

the spins are p a r a l l e l ( t r i p l e t 1 = 1 state) or a n t i - p a r a l l e l 
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(si n g l e t 1 = 0 state). In order that the t o t a l wave function 

be anti-symmetric then for I = 1 % J must have the odd values 

and for 1 = 0 the even values. These two forms of hydrogen 

are c a l l e d the ortho and para modifications respectively. 

For Hg gas in thermal equilibrium the d i s t r i b u t i o n 

of the molecules among the J states i s given by the Boltzmann 

d i s t r i b u t i o n law: 
- c T 

NT o c g x e k T 

where N i s the f r a c t i o n of the t o t a l number of molecules 
J 

i n the J state and gj is the degeneracy of the J'th state. 

fa = (->.x+<X2:r+,v) ~ 2 - ; r + ' f o r J e v e n ( I = 0 ) 

g x = (ax+lX>3-+0 - 3 l " + i ) for J odd (I = 1) 

and , . 

where I i s the moment of i n e r t i a of the molecule. 0O has the o K 

value 85.3°K for Hg. 

The equilibrium ratio of ortho to para moleclues i s 

given by 

-Xeven 

At high temperatures for T r — * - 3 , whereas at low 
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temperatures r —>0 as a l l of the molecules revert to the 

ground state J = 0, I = 0, It i s an experimental fact, how

ever, that the time taken for the establishment of equilibrium 

between the ortho and para modifications i s very long, of the 

order of years, for pure hydrogen at N.T.P. This i s due to the 

fact that an ortho-para t r a n s i t i o n can be induced only by a 

magnetic f i e l d that is d i f f e r e n t at the s i t e s of the two pro

tons; hence only the magnetic coupling between d i f f e r e n t 

molecules can cause such transitions and this mechanism i s 

very weak. The net result i s that must be treated as a 

mixture of two d i s t i n c t gases. 

From the point of view of nuclear resonance the two 

modifications are quite d i f f e r e n t . Para Hg has 1 = 0 and gives 

no N.M.R. sig n a l , Ortho Hg, on the other hand, behaves l i k e 

an I = 1 spin system. It is inte r e s t i n g to note that for 

normal H (r = 3, corresponding to an equilibrium mixture at 

high temperatures) the magnitude of the nuclear resonance 

signal i s the same as the signal that would result from the 

same c o l l e c t i o n of spin H> p a r t i c l e s without the r e s t r i c t i o n 

of anti-symmetric wave functions. This follows from the result 

that, everything else being equal, the nuclear signal is pro

portional to 1(1+1). For N molecules of Hg, the 2N uncoupled 

spin V> p a r t i c l e s give a signal proportional to 2N 1(1+1) = - N. 

The 75% ortho, 25% para mixture, on the other hand, gives a 

signal proportional to jN 1(1+1) = 2 N since 1 = 1 for H . 
4 2 

This result i s a manifestation of the correspondence p r i n c i p l e . 
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The deuteron has i n t r i n s i c spin S = 1 and i s therefore 

a Boson, requiring the t o t a l molecular wave function to be sym

metric with respect to interchange of the two n u c l e i . (To 

simplify the notation S i s used for the deuteron spin quantum 

number and I is used for the proton spin quantum number.) The 

even J states must therefore combine with the even nuclear spin 
—> —>> —> 

states S = 0,2 (S = + S^), and the odd J states must combine 

with the odd nuclear spin state S = 1. The r a t i o of para Dg 

(J = 1,3,-—) to ortho D (J = 0, 2, ) at high temperatures 
2 

is given by 
3 U T - H ) _ j _ 

(2J77) -h5-(p.TH) 2. 

so that a normal mixture of Dg consists of 1/3 para Dg and 2/3 

ortho D . Conversion between the two deuterium modifications 

i s even slower than the conversion between ortho and para 

hydrogen because of the smaller magnetic moment of the deutron. 

In contrast with hydrogen, both deuterium modifications 

have nuclear spin states that give N . M . R . signals. The amplitude 

of the nuclear signal i n normal,D^ i s proportional to (2S+1)S(S+1) 

= 6 for the S = 1 spin state and (2S+1) = 30 for the S = 2 spin 

state, whence the ratio of the nuclear signal from the ortho 

Dg molecules to that from the para molecules i s given by 
30 
- ~ = 5. At low temperatures the two modifications are ex-
6 

pected to have very d i f f e r e n t nuclear spin relaxation times. 

In the ground state (J = 0) of the ortho molecule the i n t r a 

molecular interactions are absent and the relaxation time should 
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be accordingly long. On the other hand, the intramolecular 

interactions in para are present even at low temperatures 

since the ground state has J = 1. 

It has been pointed out by N.F. Ramsey (private 

communication) that when the intramolecular:'-;l-n\te'Taetlon;s\ .g'r'.e 

taken into account the states of the ortho molecule denoted by 

S = 0, S ~ 2 are not the proper spin eigenstates. When the 

applied magnetic f i e l d i s large, however, S„ should become a 

good quantum number. For the purpose of ca l c u l a t i n g relax

ation times we simply assume that 1/9 of the ortho molecules 

are i n the S = 0 state and 5/9 are in the S = 2 state. 

c) HD 

HD is a mixed molecule and hence there are no 

symmetry requirements. The equilibrium d i s t r i b u t i o n of the 

J states i s given simply by 

P = (3 3>u e. T 

where P i s the p r o b a b i l i t y of finding a molecule in a J 

state. 

Table 1 gives values of 

^ 0 e 
for various values of x = QR, , 

T 

Table 2 l i s t s some of the properties of the H , HD 

and D molecules relevent to the present discussion. 



T (°K) 
f o r 
% = 64.3°K 

It 

• T 

J T (°K) 
f o r 
% = 64.3°K 

It 

• T 0 1 2 3 4 5 6 7 

16.1 4.00 1.00 1.01X10"3 

23.0 2.80 0.99 i . i o x i o " 2 

32.2 2.00 0.948 5.22X10~2 2.91X1Q"5 

45.9 1.40 0.845 0.154 9.50*10 = 4 

64.3 1.00 0.705 0.286 8„75*10**3 s . o s x i o " 5 

90.0 0.714 0.559 0.402 3.85X10"2 7.42X10"4 3.13X10"6 

128.6 o . s a 0.422 0.466 0.105 7.32X10"3 1.7 3X10~ 4 1.42X10"5 

180 0.357 0.316 0.465 0.186 3.05X10"2 2.26X10"3 7.75X10""5 1.26X10""6 

257 0.25 0.230 0.414 0.256 8.01X10*2 1.39X10"2 1.40X10"3 8.22X10**5 2.86X10"6 

360 0.179 0.168 0.353 0.288 0.138 4.25X10~2 8.70X10"3 

1 
1.21X10"*3 1.14X10"4 

Table 1. Values of P j(x) = paHi) e " ^ 1 ^ • X = ®R . 



Molecule Mol. Wt. 

(a.m.u.) 

Hard 
Sphere 

Diameter 

( I ) 

Inter-
Nuclear 
Distance 

(1) 

Ro
tational 
Constant 

e R ( ° K > 

Spin, 
and 6 

i 
(sec 
gauss - ) 

Nuclear 
Spin 

States 

Molecular 
Ro

tat i o n a l 
States 

S t a t i s t i c a l 
Weight of J,I 
(or J,S) State 

H2 2.016 ~ 2.90 0.742 85.34 

2.67 10 4 

1 = 0 1=0,2,— 2J+1 

H2 2.016 ~ 2.90 0.742 85.34 

2.67 10 4 

1 = 1 J=l,3, 3(2J+1) 

HD 3.023 ^ 2.90 0.742 64.26 
I = V2 

S = 1 
J=0,l,2 — 

D2 4.030 ^2.90 0.742 43.03 

S1= S2 = 1 

0.410 10 4 

S = 0 

J=0 , 2 , — 

2J+1 

D2 4.030 ^2.90 0.742 43.03 

S1= S2 = 1 

0.410 10 4 

S=2 
J = 0 , 2 , — 

5(2J-KL) 
D2 4.030 ^2.90 0.742 43.03 

S1= S2 = 1 

0.410 10 4 

S = 1 J=l,3, 3(2J+1) 

Table 2. Some properties of the Hg, HD and D 2 molecules. 
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2.2 Theory of Relaxation i n Gases 

i ) Introduction 

As already explained i n Chapter I the nuclear spins 

i n hydrogen are relaxed by the fluctuating intramolecular 

f i e l d s at the s i t e of the nu c l e i . A formal theory for this 

mechanism of relaxation was f i r s t developed by Schwinger^ and 

subsequently extended and improved by Needier i&hd Opechowski'., 
2 R Abragam , Johnson and Waugh , and others. The theory presented 

here closely follows the treatment given by Abragam, suitably 

extended where necessary using the results of Johnson and 

Waugh, and Needier and Opechowski... 

i i ) Relaxation i n 
9 

From the molecular beams work of Rabi et a l . , i t 

is known that an isolated molecule i n a magnetic f i e l d can 

be described by a Hamiltonian H 

s (2.1) 
--> — > — > — > —> where I and I are the proton spins with I + 1 = 1 , 

LOj - ̂ f. i s t n e ppoton Larmor frequency i n the applied 

f i e l d H , 

Uiy i s the Larmor frequency of the rotational magnetic 

moment of the molecule (Huij. = /ij. H 0), 
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i s the rotational energy of the molecule ( i n f r e -
2 T0 

quency u n i t s ) , 

H H 27 gauss i s the magnetic f i e l d at the proton 

sit e s produced by the rotation of the molecule, 

" t t —- " 34 gauss i s the dipolar coupling constant 

between the two protons which are separated by 

a distance b, 

H i s the unit vector Jb^ . See Table 3 for values 
b 

of the molecular constants. 

In the absence of c o l l i s i o n s between molecules the 

radio-frequency spectrum of consists of two sets of discrete 

l i n e s , one set centered about " f c ^ , the nuclear Zeeman l i n e s , 

and the others atfvuly , the molecular Zeeman lines,, (See for 

example Ramsey, "Molecular Beams" 1 0.) In a gas where under

goes rapid reorientation due to the anisotropic forces acting 

on the molecule during c o l l i s i o n s , the fine structure of the 

nuclear Zeeman l i n e gives way to a single narrow l i n e corres

ponding to that part of the nuclear spin Hamiltonian unaffected 

by the orientation of J . The molecular Zeeman l i n e s ( & m 3 

tra n s i t i o n s ) on the other hand are broadened by the c o l l i s i o n s . 

In other words, molecular c o l l i s i o n s bring about rapid e q u i l i b 

rium among the ffVj l e v e l s , whereas the nuclear spins are slowly 

brought to equilibrium through a weak coupling to J . F i g . 1 

i l l u s t r a t e s the nature of the coupling between the nuclear 

spins on a single molecule and the " l a t t i c e " . The f i r s t task 

of N.M.R. theory i s to relate the properties of the nuclear 
•• • 

Zeeman l i n e ( i . e . the properties of the nuclear magnetization<i>) 



LATTICE ENERGY SINK 
consists 
of the transnational and 
rotational energy of the 
molecules. 
Remains at temperature \ 
because of large thermal 
capacity. Very strong 

coupling 

Molecular 
Zeeman 
Energy- Weak 

coupling 

Nuclear 
Zeeman 
Energy 

Fi g . 1. Block diagram i l l u s t r a t i n g the nature of the coupling between the 
nuclear spins of a single molecule and the " l a t t i c e " . 
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to the properties of the molecular Zeeman li n e s (properties of " J " ) . 

To calculate the equation of motion for <X ^ + l i \ 

the proton spin Hamiltonian 

is written as ̂  = % + #<t) with U=<4li. Time de

pendent perturbation theory i s then applied up to the second 

order to obtain the time dependence of the density matrix for 

the spins on a single molecule. This equation of motion i s 

then averaged over the ensemble of spins to y i e l d an equation 

describing the macroscopic behaviour of the spin systems, 

(t) being treated as a stationary random operator. 

The resulting "master equation" for the average 

density matrix (Abragam^ Chapter 8) i s v a l i d i f for some t the 

conditions t » Zs. * and are compatible. Tc i s the 

correlation time associated with the random operator 

For the hydrogen nolecule i s of the order of 

f H^) ~ 4- z/0 , 2sec." 2 As w i l l be seen l a t e r the 

longest value of encountered (at the lowest gas pressure 
—8 

where measurements were taken) was of order 10 sec. 

It follows that the largest value of J^Hif)l ^ c j to be consid

ered i s approximately 1/50. This suggests that at the lowest 

pressures, the assumptions made i n deriving the master equation 

may be st a r t i n g to break down. In the analysis of the experi

mental results for H^, however, the master equation i s assumed 

to be exact. For HD and D the assumptions are well s a t i s f i e d 

at a l l temperatures and pressures where measurements were taken. 



Using the master equation one can obtain an equation 
— > 

for^X^ in the reference frame rotating at the Larmor frequency 

of the form (Abragam, Chapter 8) 

-±(<X2>-I0) (2.2a) 

= -4=-<Ix> (2.2b) 

at '2. 

so that the magnetization *(Xg.̂  obeys the Bloch equations. 

Under the assumption that matrix elements of the dipolar part 

of °H\ between d i f f e r e n t J states do not contribute to the re

laxation process then and are given by (using the notation 

of Bloom and Oppenheim1*) 
•¥ = (*) + (T) 

'I \ ' I ' spin-rotation v '/'dipolar 

(2.3a) 

r ~ fa) + i-k) 
v2- \ l-J./spin-rotation \ 'z /dipolar 

=$£[aMrp*] +j$$^lih^ ^ ^ + < ^ H 
(2.3b) 

where ^ . M = J ^ V r ) Ix 



and WW- \ 

KM - K i - | -

K20 = 

"2_ —-

V.TVJ 

That J r can be written as the independent sum of a spin-rotation 

term and a dipolar term i s simply a r e f l e c t i o n of the fact that 

the spin-rotation interaction involves only the K « while 

the dipolar i n t e r a c t i o n involves only the K-j_yU. - Because of 

their d i f f e r e n t transformation properties, the expectation value 

of a product of a Ki^ and a Kĵ u i s zero. 

We now deal with the assumption that the matrix e l e 

ments of the dipolar i n t e r a c t i o n between d i f f e r e n t J states can 

be neglected. We f i r s t note, that i n calculating T and T the 

dipolar i n t e r a c t i o n has been expanded into the form ff&p® 
(Abragam, Chapter 8) where the A 1 are nuclear spin operators 

and the F*"^ are proportional to the second order spherical 
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harmonics K^fe^) . & < & are the spherical coordinates of the 

vector b joining the two protons. In general the CjqdZ) contain 

average products such as 

where Rrmj. i s the pr o b a b i l i t y of finding a molecule i n the 

state l ^ n r O . Now the terms i n this sum w i l l contain exponential 

factors of the form z , m x ""^"V t where for hydrogen i n a 

magnetic f i e l d of 7 kilogauss, EJ,MJ ~ J ( J + 1) X IO""* 4 erg 

- 0.'4mj X 10" erg. If the correlation times for the 

are longer than I O * " 1 3 sec. ( i . e . X̂ (£) )£lt+r) ~ V z^ST^S) 

for X <~ 10" 1 3 sec.) then the terms for j ' ^ J w i l l give a n e g l i -

gible contribution to ^Z^CUJ) = j €~l'LOZ^/Jx)clt compared to those 

terms for J ~ J . This point has been e x p l i c i t l y discussed 

by Needier and Opechowski : they conclude that the above con

d i t i o n w i l l hold for temperatures up to room temperature and 

pressures up to 200 atmospheres. Under these conditions the 

VZ/A. can be replaced by the tensor operators K ^ w h i c h have the 

same matrix elements (to within a constant) within a J manifold 

but have no matrix elements between dif f e r e n t J manifolds. The 

argument given by Abragam in support of replacement of the 

with the at low temperature i s rather misleading. 

He argues that since only the J = 1 state is appreciably popu

lated, using the Yi^ amounts to " - — g i v i n g the same weight 

to c o l l i s i o n s that change J as to those that leave J unchanged—". 
However, even i f the J state were never changed the matrix 
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elements between J states would s t i l l e x i s t . The essential 

point i s that these matrix elements have high frequency oscil-^ 

l a t i n g components, and for this reason they do not contribute 

to the relaxation process. In HD the d i s t i n c t i o n i s important: 

here, because of "resonant" type c o l l i s i o n s (see chapter IV), 

i t i s probable that changes in J are quite frequent and may even 

dominate the relaxation process. Nevertheless, the matrix e l e 

ments of the Yi^u connecting d i f f e r e n t J states s t i l l do not 

contribute to the relaxation process. Only when _L becomes com-

parable with the rotational s p l i t t i n g do these matrix elements 

start £o contribute (^2. i s the correlation time for the Y-y^, ). 

At this point i t is worthwhile noting that i n the ex

pressions for T^ and T^ there i s an i m p l i c i t assumption that 

i t i s meaningful to take an ensemble average over the J states 

in a time short compared to T^ or T^. E x p l i c i t l y this means 

that a p a r t i c u l a r molecule must sample the possible J states 

many times during an in t e r v a l of order T.̂  of T^, In a recent 
12 7 paper Freed has c r i t i c i z e d Needier and Opechowski' and also 

Bloom and Oppenheim** for f i r s t assuming that transitions be

tween J states are " n e g l i g i b l e " and then presenting formulas 

for - , - that are average values over the J states. As 
T l T 2 

Freed points out, i f " n e g l i g i b l e " means "absent completely" 

then the decay of the nuclear magnetization i s not given by 

a single exponential but by a sum of exponentials, one for each 

J state. However, i n ortho hydrogen the condition that the 

time spent in a J state be much smaller than T^ or T^ must 
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surely be s a t i s f i e d : and T 2 are t y p i c a l l y of the order of 
-3 

10 seconds, whereas the time between molecular c o l l i s i o n s 

i s of the order of 10"**° sec. There i s , however, one substance 

in which the conditions v i s u a l i z e d by Freed are r e a l i z e d . In 

D 2 gas both ortho (J = 0,2, ) and para (J = 1,3,——) modi

f i c a t i o n s have nuclear spin states with S >0. Since transitions 

between the two modifications are highly forbidden, two relax

ation times appear. 

We now turn to a discussion of the Cje/u.^T) . In 

the present experiments the rate of e f f e c t i v e c o l l i s i o n s 

( i . e . c o l l i s i o n s e f f e c t i v e i n reorienting J) i s much greater 

than the Larmor frequency of the rotational magnetic moment of 

the molecule,**^- . It has been pointed out by Johnson and 

Waugh^ that under these conditions the ^e^jX) for a given J 

state are independent of^M. and only two c o r r e l a t i o n functions 

are required. To see t h i s , one need only note that under the 

above conditions the vector J i s e s s e n t i a l l y fixed between 

c o l l i s i o n s and the uniqueness of the f i e l d d i r e c t i o n is 

l o s t . Since the KI/A. d i f f e r from one another only by a 

rotation of the coordinate system (as to the ^^/A. ), then 

the i r s t a t i s t i c a l properties must be nearly independent of p. 

At this stage i n the c a l c u l a t i o n the assumption is 

usually made that the c o r r e l a t i o n functions are exponential. 

(This assumption i s discussed i n d e t a i l i n section v.) It 

is not quite s u f f i c i e n t , however, to put 
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A more correct expression i s : 

( V ^ M ^ ( M ^ \ e W e #. ( 2. 4 ) 

The factor ^ V 1 1 * ^ takes into account the molecular Zeeman 

s p l i t t i n g . We have already assumed that -Ly so that 

the e f f e c t of g ^ * ^ ^ on ^ ^ ( f ) i s small, as required by 

the argument of Johnson and Waugh. However, the formulas 

w i l l also be used i n the region where i s only a few times 

larger than u^- and here the ef f e c t i s not n e g l i g i b l e . Needier 

and Opechowski^ f i r s t suggested including the molecular 

Zeeman s p l i t t i n g } a n d the term also appears independently i n 

the treatment by Abragam. 

Using equation (2.4) in (2.3a) and (2.3b) one obtains 

3 >*^-^TKX* 

(2.5a) 

and 

with 

^ £ * J ^ f i T ^ + _ « ^ 5 L . ^ . _ ^ f l _ 3 J ) (2.5b) 

^ - f p*6M <2.5c> 

If the correlation functions are assumed to be 

Gaussian,<2 j instead of exponential, then expressions such 

as L(- • i n (2.5) must be replaced by M Tt C 
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The minimum discussed i n Chapter I i s evident 

in equation (2.5a). As the t£ are varied goes through 

a maximum when { ^ z - i ^ x f i t L ~ 1 • The shape and position of the 

minimum, as well as the value of at the minimum depend 

in d e t a i l on 

i ) the form of the correlation functions, 

i i ) the ratio ti/'fcC, 

i i i ) the value of u^-u^. 

The study of the T^ minimum i n Hg reported i n this thesis 

was primarily an e f f o r t to obtain information on the c o r r e l a 

tion functions and s p e c i f i c a l l y an e f f o r t to get a value of 

%/*Cx' An unexpected further piece of information was also 

obtained: i t was possible to decide experimentally whether 

or not tAjj- should be included. 

In the l i m i t of short correlation times (high pres^ 

sures) we get 

(2.6) 

independent of the form of the correlation functions. 

For % = T j , - and J = 1 the formula i s obtained: 

giving 'tc d i r e c t l y i n terms of T^. 

Note that i n the above, ̂  r e a l l y means sg 

i. e . the average l i f e t i m e i n a l-3/W*-3V> state. One would expect 

that -^r-r^ = J-=. -h - L _ where now is the l i f e t i m e for 

changes i n J only and c& i s the l i f e t i m e for changes i n VY\T 

only. If changes i n J are infrequent (as i n H g ) then L& 
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and the appearing i n equations 2.5a should r e a l l y be re-

placed by ^ 

i i i ) Relaxation i n HD 

As stated previously the master equation derived by 

Abragam i s v a l i d for HD gas under most experimental conditions. 

The Hamiltonian of an isolated HD molecule i n a 
Q 

magnetic f i e l d H q i s given by 7 

i l l 

* * i f r - f e * - r f e ^ L 2 (2.8) 

where 2^, are the gyromagnetic ratios of the proton spin I 

and the deuteron spin S,respectively. (See Table 3 for values 

of the molecular constants.) The l a s t term in i s the i n t e r 

action of the deuteron e l e c t r i c quadrupole moment with the 

e l e c t r i c f i e l d gradient present at the deuteron s i t e . The 

proton has no quadrupole moment (since I< 1) and hence this 

i n t e r a c t i o n is absent i n Hg. 

As i n hydrogen, matrix elements of the intramolec

ular interactions between di f f e r e n t J states can be neglected 

and a l l operators replaced by the i r equivalent angular momentum 

operators. (Note that the spin-rotation i n t e r a c t i o n i s a l 

ready in the right form.) The calcu l a t i o n of the observable 
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Molecular Constants for 

Quantity Value 

^uj/J ^0.883 nuclear magnetons 
(varies with J) 

H' 26.752 t 0.007 gauss H 
r/ = oi"^/2b 3 33.862 t 0.015 gauss 

ri 

Molecular Constants for HD 

Quantity Value 

^ 0.662 nuclear magnetons 

H' 20.5 + 0.2 gauss 
P 

H^ 20.2 t 0.5 gauss 

jUp/b 33.8 t 1.0 gauss 

jiD/h 10.6 t 0.2 gauss 

eqQ/ti 1.43 X IO 6 rad/sec 

Molecular Constants for D^ 

Quantity Value 

^ i j / J ^ 0.443 nuclear magnetons 

H^ 13.44 t 0.06 gauss 

Hp = ^ f i / b 3 10.6 1 0.2 gauss 

eqQ/TT 1.413 X IO 6 rad/sec 

Table 3,Molecular constants for H o t HD and D p. (From Ramsey ) 
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properties of I and S i s then similar to the calcu l a t i o n for 

Now the dipolar i n t e r a c t i o n contains both proton and 

deuteron spin operators and as a result of the cross relax

ation, cannot be defined for either of the nuclear species. 

Tg, however, i s s t i l l well defined and is given by (Johnson 

and Waugh ). 

^ ^ P > t i ) ^ + glgg-lf-jfr^ r j (2.9a) 

C ^ y * ^ * ^ * ^ ^ ^ ( 2 - 9 b ) 

i n the l i m i t of short c o r r e l a t i o n times. It i s not immed

i a t e l y obvious why there are no cross-terms between the 

dipolar and quadrupolar parts of the Hamiltonian. However, 

direc t c a l c u l a t i o n of the double commutators appearing i n 

Abragam*s formalism ( i n s e r t i n g the sum of the dipolar and 

quadrupolar parts of ) shows that the cross-terms are of 

second order ( i . e . of order and can be neglected. 

F i g . 2 shows Tg(D)/T 2(P) as a function of ^ / t ^ 
7 

and J . (Johnson and Waugh give a similar graph but i t 

appears that through an error made in inser t i n g the numerical 

values of the constants, they have underestimated the quad

rupole contribution to 1/T (D) by a factor of (2TT)2) 

Clearly, a measurement of Tg at low temperatures for both 

nuclear species w i l l give a value for the r a t i o t ^ / ^ . 

This experiment, f i r s t suggested by Johnson and Waugh, was 



F i g . 2. T 2(D)/T 2(P) vs T^/Z, . 
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carried out as part of this thesis. T was not measured 

d i r e c t l y , but was inferred from measurements. 

To calculate the equation of motion governing ^I^^> 

and (S^/- we f i r s t consider only the dipolar part of the i n 

tramolecular i n t e r a c t i o n . From Abragam (p.295) the coupled 

equations describing and ^S^y are 

f p = - J 4 < i , > - i o ) - $J&>- s.) (2.10a) 

= ^ - ̂ > - ̂  •«. Mb) 

where, i n the l i m i t of short correlation times 

SS SI 
Similar equations for T^ and T^ are obtained by 

interchanging the l e t t e r s I and S. The important feature of 

equation (2.10) i s that an r . f . f i e l d applied at the frequency 

Uij. say, w i l l a f f e c t both ( I z ) and ^Sty, In the experiments 

on HD i t was planned to saturate one of the resonance ( i . e . 

make ^ I z ^ = 0 by an applied r . f . f i e l d ) while performing a 

type measurement on the other resonance. This procedure 

has the double advantage that i ) the recovery of ^S z^ i s now 

exponential and i i ) the equilibrium value of <(SZ^ i s i n 

creased, which results i n a larger N.M.R. si g n a l . If only 
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the dipolar in t e r a c t i o n were present, the enhancement factor 

would be 22.3 for the deuteron resonance i n HD. Unfortunately, 

the other interactions tend to short c i r c u i t the po l a r i z a t i o n 

mechanism. We now present the equations for and <(SZ^ taking 

a l l of the interactions into account. 

Since there are no cross-terms between the three 

types of intramolecular interactions, s p i n - r o t a t i o n a l , dipolar 

and quadrupolar, the contributions to <j^<\T*/' and ^ ( ^ ^ from 

the various interactions can simply be added together. The ^ 

result i n g equations for a given J state are then: 

d<ri> _ _ 
— 3 (z&tfts-vb y° J 

( 2 . 1 1 a ) 

These equations can be written in the form: 

( 2 . 1 1 b ) 

= _ fl _ 3 (<̂ > - ^ (2.12a) 

(2.12b) 
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where 

If the proton resonance i s saturated ( <^Ij/> — ^ 0) then 

the equation for <£S Z> becomes 

d t 
and the enhancement factor P i s therefore 

P = + -f 6>/cT0 = i + _ , + 43.4 £ _ 
c a 

using -i2_ •= , - — r • 

Although the saturation-polarization experiment was 

t r i e d , a l l quantitative measurements i n HD were made using 

normal methods. It i s therefore necessary to j u s t i f y the 

(2.13) 
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neglect of the cross-relaxation terms. To do t h i s , we solve 

equations (2.12a) and (2.12b) with the i n i t i a l conditions 

Qi? = ~ 1 0 }̂ >a/>=. So and also for the i n i t i a l conditions 

^I^> = lo ^(*>*>--%. These are the conditions existing 

after a 180° r . f . pulse (see chapter I I I ) is applied to the 

protons, and to the deuterons, respectively. 

The solution y(t) to the pair of equations 

j * . - x - a,* M 

subject to the i n i t i a l conditions 

is 

= ^ i S a . ^ i r q ^ e ^ ' ^ - C^'^s^1] ( 2 a 4 ) 

where 

and r- "\*^-

The solution to equations (2.12a) and (2.12b) subject to the 

i n i t i a l conditions <(l^)= I Q , ^= - S i s therefore given 

by (2.14) i f we put x = < I Z > - I Q , y = < S Z > - S Q and 
8 

a H = A, a-̂ 2 = a 2^ = g B, a ^ = C. 

For *£/ = = 7-c and J = 1, 
A = 48.6 X 1 0 1 0 sec" 2 fr 
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B = 1.61 X 1 A10 „-2 ^ 10 sec Cc 

C = 34.7 X ,„10 -2 10 sec 

Therefore P = 41.7 X 1 0 1 0 sec" 2 ̂  , = 7.43 

and hence = 49.1 X 1 0 1 0 sec™ 2 £c 

= 34.3 X I O 1 0 sec™ 2 ^ . 

) 1 0 sec""2 Z<_ » 

One then obtains 

To good accuracy, then, the recovery of a f t e r a 180° r . f . 

pulse i s determined by the time constant <s(x. Note, however, 
that odj d i f f e r s from C = Q / r ^ d e u t e r o n ( f o r ^ = X^ = Zc 

and J = 1) by only 1%. Since the accuracy of the measurements 

was much poorer than 1%, a measurement of the recovery of ^.3^7 

yeilded ( T g ) d e u t e r o n to within experimental error. Similar 

arguments apply to the recovery of afte r a 180° r . f . 

pulse. We have therefore j u s t i f i e d the neglect of the cross-

relaxation terms. 

iv) Relaxation in Dp 

An isolated Dg molecule i s a magnetic f i e l d H Q i s 

described by a Hamiltonian "fi (see Ramsey 1 0, p. 423) 

(2.16) 

where S* = S^+S^ and S x = S 2 = 1. Note that for S > 1 the 
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quadrupole interaction does not produce exponential time de

pendencies for ̂ S2)> and <(S^/ except i n the l i m i t of short 

correlation times 2. In the extreme narrowing l i m i t , combin

ing the results of Abragam, and Johnson and Waugh7, we get 

( 2 . 1 7 ) 

For S = 1 (J = 1 , 3 , — ) 

( 2 . 1 8 ) 

with 

For S = 2 ( J = 0 , 2 , — ) 

( 2 . 1 9 ) 

with 

17 
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P 

P j i s the p r o b a b i l i t y of f i n d i n g a para molecule i n the s t a t e 

J , and P° i s the p r o b a b i l i t y of f i n d i n g an ortho molecule i n 

the s t a t e J . 

At low temperatures (T 65°K) 

«r- (c: - US'" p : » c ; 
Note that i f the assumption i s made that ^ and depend on 

s *1 s = 2 
J i n the same way, then a measurement of (T^) " 5 - and (Tj) 
at low temperatures i s s u f f i c i e n t to determine the J dependence 

of the 'C 's f o r J = 1,2. 

v) Form of the C o r r e l a t i o n Functions of or a D i l u t e Gas 

As s t a t e d i n s e c t i o n i i the f i r s t task of N.M.R. theory 

f o r Hg, HD, and Dg i s to r e l a t e the p r o p e r t i e s of O ^ t o the 
— = > 

p r o p e r t i e s of J . T h i s aspect of the theory was sketched i n 

se c t i o n s i i to i v and can be considered to be completely s o l v e d . 

However, the second task of N.M.R. theory, to r e l a t e the prop-
—> 

e r t i e s of J to the i n t e r a c t i o n s between molecules s t a r t i n g from 
f i r s t p r i n c i p l e s , i s a problem of another magnitude and except 

11 13 

f o r the work of Bloom and Oppenheim ' very l i t t l e has been 

accomplished i n t h i s d i r e c t i o n . The Bloom-Oppenheim theory c a l 

c u l a t e s c o r r e l a t i o n f u n c t i o n s of the i n t e r m o l e c u l a r i n t e r 

a c t i o n s u sing the "constant a c c e l e r a t i o n approximation" and 

then r e l a t e s them to the c o r r e l a t i o n f u n c t i o n s f o r i n t r a -
— > 

molecular i n t e r a c t i o n s ( i . e . c o r r e l a t i o n f u n c t i o n s of J ) . 

There w i l l be no attempt to give a f u l l i n t e r p r e t a t i o n of 
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the present experimental results i n terms of the Bloom-

Oppenheim theory, since many of the results of the theory per

tinent to this work are as yet unpublished. The purpose of 

this section i s to discuss those properties of the that 

can be deduced from general considerations without going into 

the d e t a i l s of the c o l l i s i o n processes. Note that the i n f l u -

ence of the nuclear spins on the time dependence of J i s 

extremely weak and i n the following discussion i t w i l l be 

neglected. 

In section i i some of the properties of the 

have already been discussed. It was concluded that of the 

eight possible c o r r e l a t i o n functions of the and the 

K 0 •' for a given J state only two were d i s t i n c t under nor-

mal experimental conditions. The condition of c y l i n d r i c a l 

Symmetry about the z-axis requires that g j j = i ' ^22 = 

g and g . = g D ,, which reduces the number to f i v e . 

The fact that the c o r r e l a t i o n times are much shorter than the 

Larmor period of the rotational magnetic moment of the mole

cule further reduces the number of d i s t i n c t c o r r e l a t i o n 

functions to two, one for the and one for the Kjj^p. 

We now wish to investigate the assumption usually made 

that the c o r r e l a t i o n functions are exponential; to do this we 

f i r s t describe the behaviour of a quantum molecule i n a d i l u t e 

gas. 

Quantum Mechanical Random Walk 

In a d i l u t e gas a molecule spends e s s e n t i a l l y a l l 

of i t s time i n a state of i s o l a t i o n (except for the presence 
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of the e x t e r n a l l y a p p l i e d f i e l d ) . D u r i n g a c o l l i s i o n , the 

s t a t e of the m o l e c u l e changes a b r u p t l y t o some o t h e r s t a t e i n 

a s h o r t time t i n : a f t e r the c o l l i s i o n the m o l e c u l e remains c o l l . 
i n t h i s new s t a t e u n t i l the next c o l l i s i o n , w hich w i l l o c c u r 
on the average a time %. later,£c » t c o ^ ^ . Now i t i s d i f f i 
c u l t t o d e f i n e t and ti f o r a r e a l gas, as the i n t e r -

c o l l . y 1 

m o l e c u l a r f o r c e s are not f i n i t e ranged. However, i f the 

i n t e r a c t i o n between m o l e c u l e s can be c o n s i d e r e d t o be n e g l i 

g i b l e when the m o l e c u l e s are s e p a r a t e d by a d i s t a n c e g r e a t e r 

than some c h a r a c t e r i s t i c d i s t a n c e , then f o r low enough d e n s i t y 

the c o n d i t i o n Zi ^^coll c a n °e s a t i s f i e d . 

A n a t u r a l way of d e s c r i b i n g the p r o c e s s mathemati

c a l l y i s as f o l l o w s : the s t a t e o f the m o l e c u l e a t any time 

t can be e x p r e s s e d as 

where the /<£&̂ > are the e i g e n s t a t e s of the i s o l a t e d m o l e c u l e , 

w i t h e i g e n v a l u e s E . Between c o l l i s i o n s the a ( t ) are con-3 n n 
s t a n t . The e f f e c t of a s i n g l e c o l l i s i o n can be r e p r e s e n t e d 

by an N - d i m e n s i o n a l l i n e a r t r a n s f o r m a t i o n , r e l a t i n g the 

a b e f o r e the c o l l i s i o n to the a a f t e r the c o l l i s i o n . The n n 
p r o b a b i l i t y d i s t r i b u t i o n p(G^) s h o u l d c o n t a i n a l l of the 

n e c e s s a r y i n f o r m a t i o n about the c o l l i s i o n p r o c e s s e s . 

S t a t e d i n t h i s language the quantum m e c h a n i c a l 

problem of the random walk of the f r e e r o t a t o r among i t s 

s t a t e s has s t r i k i n g s i m i l a r i t i e s w i t h the problem of the r o 

t a t i o n a l random walk of a c l a s s i c a l p a r t i c l e which has been 

s o l v e d r e c e n t l y i n f u l l g e n e r a l i t y by I v a n o v 1 4 . F o r a 
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c l a s s i c a l p a r t i c l e the ef f e c t of a single rotation can be 

represented by a rotation matrix g^. Ivanov solves for 

P(g,n), the pro b a b i l i t y density for the orientation g of 

the molecule after n rotations, i n terms of the probability 

of individual rotations p(gj). The pro b a b i l i t y density 

W(g tt) for the orientation g of the molecule at time t can 

then be obtained i f the pr o b a b i l i t y W ^ ( t ) for n rotations to 

take place in a time t i s known: 

The form of lA/ n(t) is the same for either quantum mechanical 

or c l a s s i c a l p a r t i c l e s i n a di l u t e gas and i s given by the 

Poisson d i s t r i b u t i o n 

hi 

where 7^ is the average time between c o l l i s i o n s . It appears 

that a quantum theory of Brownian motion for a free rotator 

has not been corre c t l y solved as yet . However, one might 

hope for a solution by methods similar to those used by Ivanov, 

Transition P r o b a b i l i t y Method 

To make the problem tractable i t is assumed that 
a (t) a~7 (t = 0 unless n'=. n . Since the a (t) a , (t) n n n n 
are the elements of the density matrix in the inte r a c t i o n 

representation this amounts to neglecting the off-diagonal 

elements of the density matrix, and the problem can then be 

treated by the t r a n s i t i o n p r o b a b i l i t y method. 

We f i r s t treat the case of a molecule that remains 
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in the J = 1 state. The populations of the three energy 

levels mj = 1, 0, -1 are denoted by p^, P q and p respect-

" V -
i v e l y . 

- I 

F i g . 3. Energy levels 
of a molecule 
in the J = 1 
state. 

Applying the t r a n s i t i o n p r o b a b i l i t y method we obtain the 

three equations 

Assuming t h a t V V 1 0 =W01 =W_10 =W Q_ 1 = 1 ^ andVV-^ 5 5 W i l l 
( l i m i t of high temperatures and low f i e l d s ) we obtain 

Jl<-3V> ° ^ dL(p, - = - ( y O . + ^ y A J ^ - h ) 

whence = " N ^ * ^ , £ 

and 
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so that q,„ and are exponential with and 
y10 y20 e Wj-faW* 

^2. = — # V V , i s the p r o b a b i l i t y per second for a trans-
3wt 1 

i t i o n A nij = + 1 and Hg i s the pr o b a b i l i t y per second for a 

t r a n s i t i o n A mj = + 2. If there are no selection rules 

(W x = W 2 ) then % - tt. For ar b i t r a r y W X , W2
 t h e r a t i o ^ / T ^ 

can vary between the l i m i t s 0 and 3. 

If the t r a n s i t i o n p r o b a b i l i t y method i s applied to 

a molecule having J > 1 then i n general the <Je/A are not 

characterized by a single exponential but by a sum <of ex

ponentials. In the Bloom-Oppenheim theory the <fyj& for a 

dil u t e gas appear as single exponentials. However, i n the i r 

theory an expansion of ^fydi) giving Kj^ (l — " I^Ct)) as 

the f i r s t two terras has been replaced by K.£/A 

The question of whether $fyn(ji) i s given by a single expon

e n t i a l i s therefore l e f t open. 

Strong C o l l i s i o n Model: 

One model of the c o l l i s i o n processes that can be 

solved exactly i s the strong c o l l i s i o n model, where i t i s 

assumed that after a c o l l i s i o n the p r o b a b i l i t y that a mole

cule i s i n a p a r t i c u l a r state i s just given by the Boltzmann 

factor. We define 

fi> = equilibrium density matrix; 

f(X) = density matrix for a single molecule at a 

time f ; 

- density matrix of molecule at time f i f no 

c o l l i s i o n s have occured during the i n t e r v a l 

0->f, describes the natural 
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evolution of J for an isola t e d molecule 

i n a magnetic f i e l d . 

If f>(x) denotes the average density matrix for those molecules 

having the same then 

J 2 ( & ) - fKX) X. p r o b a b i l i t y that a c o l l i s i o n has not occurred 

i n the internal 0 — s > t ' 

pro b a b i l i t y that the l a s t c o l l i s i o n 

occurred at 
At . 

Now f>'(X) — f'Cf) since the average i s taken over those mole

cules having the same ; also - fa by d e f i n i t i o n of 

the strong c o l l i s i o n model. In a d i l u t e gas the pr o b a b i l i t y of 

a mo*fi&ule having a c o l l i s i o n i n a time A t i s given by A t 

where "Z^ i s the mean time between c o l l i s i o n s . The pr o b a b i l i t y 
-X-

that no c o l l i s i o n has occurred in a time i s given by €. ZL . 

Therefore 
ax) * ft?) e ti + j e^ET dL 

From this r e s u l t i t i s e a s i l y shown that 

(The factor e^^^comes from f(£) .) The strong c o l l i s i o n 

model therefore predicts that i ) the co r r e l a t i o n are ex

ponential, and i i ) ̂  ~ = . 
1 9 

Independently, Freed has also discussed the strong c o l l i s i o n 

model, although i n a much more rigorous and complete manner 

than here. 
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CHAPTER III 

Measurement of Relaxation Times 

3.1 Pulsed N.M.R. Techniques 

The pulsed N.M.R. techniques used in this i n v e s t i 

gation to measure T^ and T^ are well established, and the 
p 

reader i s referred to Abragam's book for a detailed d i s 

cussion of the methods. We f i r s t give a very b r i e f descrip

tion of the pr i n c i p l e s behind the techniques and then make a 

few comments on the complications encountered i n actual 

measurements. 

In order to measure the relaxation times T^ and 

Tg of a spin system, one must f i r s t disturb the spin system 

from equilibrium. From the discussion in chapter I on the time 

dependence of M i t is apparent that an applied r . f . f i e l d 

H-̂  at the Larmor frequency can be used to rotate the mag-

netization M through any angle 6 with respect to the z-axis. 

Relaxation effects were neglected in the discussion so that 

the r . f . f i e l d must be s u f f i c i e n t l y intense that the required 

change i n M** takes place in a time short compared to T^ and Tg. 

Tg can therefore be measured by applying an r . f . 

pulse of s u f f i c i e n t length to rotate M^into the xy plane 

(90° pulse).. The resulting precession of M^about H Q w i l l 

induce an o s c i l l a t i n g voltage i n a c o i l wound around the 

sample that is proportional to the transverse component of 

This voltage then decays with time constant Tg. 
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T^ can be measured by inverting M (180° pulse) 

and then monitoring the recovery of M^ from - M^ to the 

equilibrium value + M q by the subsequent application of a 90° 

r . f . pulse: the magnitude of the signal following the 90° 

pulse i s proportional to the value of M existing before the 

pulse„ 

The above described measurements are idealized and 

are based on the following assumptions, none of which are 

f u l l y s a t i s f i e d in practice: 

i ) H q is perfectly homogeneous 

i i ) the r . f . f i e l d is the same at each nucleus 

i i i ) the instantaneous frequency of the r . f . pulse 

is fixed at the Larmor frequency. 

The main eff e c t of an inhomogeneous f i e l d H q i s to shorten 

the observed decay of M X and My (the signals from different 

parts of the sample get out of phase because of their d i f f e r -

end Larmor frequencies). An inhomogeneous results in ro-

tations of M that are not "clean"; i . e . one obtains a d i s 

t r i b u t i o n of angles 6 . If the frequency of the r . f . pulse 

is not constant, then i n general 9 w i l l be limited to values 

less then 180°. 

We conclude this section by noting that the e x i s t 

ence of any of the above non-ideal conditions cannot affect 

the decay constant obtained i n a T^ measurement, provided 

the transverse component of M >has died out before the second 

pulse is applied. (The signal/noise r a t i o may be affected 
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however.) A Tg measurement, on the other hand, i s d i r e c t l y 

affected by an inhomogeneous f i e l d . Further deta i l s of the 

pulsed techniques used w i l l be found i n the section on the 

pulsed spectrometer. 

3-2 Apparatus 

i ) General 

The T^ and Tg measurements i n gas were made with 

a coherent 30 Mc pulsed spectrometer, constructed s p e c i f i c a l l y 

for use with samples having weak N.M R. signals. Phase sensi

tive detection at 30 Mc was employed and heavy reliance placed 

on the use of a boxcar i n t e g r a t o r 1 ^ to improve the signal/noise 

r a t i o . The sample c o i l s were as large as could be tolerated, 
- 3 

some having a volume as large as 20 cm . To further improve 

the S/N ra t i o the usual half wave li n e between the sample c o i l 

and the tuning capacitance was omitted and instead the capacitor 

was mounted d i r e c t l y above the rather short dewar. The r . f . 

amplifier was a L.E.L. model I.F. 21 amplifier (center f r e 

quency 30 Mc, bandwidth 3 Mc, and noise figure 2.0 db.), 

modified to allow phase sensitive detection. The magnet was 

a Varian 12" electromagnet having a 2.25 inch 

gap. A block diagram of the apparatus i s given in F i g . 4 and 

schematics of some of the electronics are given in appendix A. 

For the measurements on the deuteron resonance i n HD 

and Dg, the 30 Mc spectrometer was modified to work at 7.13 

Mc(H Q«: 10.9Kg). The 30 Mc L.E.L. amplifier was replaced with 

a low noise 7 Mc pre-amplifier and amplifier constructed follow-
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ing a design by W. G i l b e r t Clark. An a l l metal dewar system 

was used to produce any sample temperature in the range 20 

— * 3 3 0 ° K . 

i i ) Pulsed Spectrometer 

a) Timing System 

The timing unit shown in F i g . 1 was actually a c o l 

l e c t i o n of Tektronix 162 sawtooth generators (one of which was 

modified) and a free running multivibrator. The way i n which 

the generators were interconnected depended on the type of 

measurement to be performed. 

For most of the T^ measurements a 180° - 90° r . f . 

pulse sequence was employed. This type of measurement required 

three timing pulses: the f i r s t and second pulses i n i t i a t e d 

the 180° and 90° r . f . pulses respectively, and the t h i r d 

pulse started the boxcar sampling gate. This sequence was re

peated at a rate that was slow enough to allow the spin system 

to relax between each sequence (a period of the order of 5 to 

10 T^'s). During a measurement the time between the f i r s t and 

second pulses was swept slowly from zero to several times T^. 

The boxcar sampling gate was adjusted to sample the free i n 

duction decay following the 90° r . f . pulse and the s t r i p 

chart recorder would then plot out the recovery of M z # The 

time T between the two r . f . pulses was measured at regular i n 

tervals with a Hewlett-Packard 524-C Ele c t r o n i c Counter (with 

time i n t e r v a l plug-in unit) and printed out automatically by 

a d i g i t a l recorder (Hewlett-Packard model 516B). In addition 
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an event marker on the stripchart recorder (Varian G-11A) 

was activated each time the d i g i t a l recorder printed out 

a number. The marks on the chart record were l a t e r assigned 

the appropriate values of "X . 

The three timing pulses were obtained as follows: 

the freerunning multivibrator, which determined the o v e r - a l l 

r e p e t i t i o n rate, triggered the f i r s t Tek. 163 pulse generator 

whose pulse width was set to produce a 180° r . f . burst. At 

the same time one of the Tek.162 sawtooth generators was 

triggered and began i t s run-down. This sawtooth was fed into 

the second, modified Tek. 163 pulse generator whose t r i g g e r 

ing l e v e l was set by the sawtooth of a modified "ultra-slow" 

Tek. 162 generator. The pulse from the modified Tek. 163 

generator produced the 90° r . f . burst and also triggered the 

second unmodified Tek. 162 generator. This i n turn was used 

to trigger a modified Tek. 161 pulse generator which provided 

the positive and negative pulses for the 4--diode gate i n the 

boxcar. F i g . 5 gives a schematic diagram of the method. 

Note that for many of the T^ measurements the multivibrator 

was omitted and instead the f i r s t Tek. 162 sawtooth generator 

was used i n the recurrent mode to provide the o v e r - a l l 

r e p e t i t i o n rate. 

For the longer T^'s encountered (H^ at high pressure, 

HD, Dg) a 180° - 90° - 180° r . f . pulse sequence was sometimes 

used, with the boxcar integrator set to sample the echo after 

the second 180° r . f . pulse (the echo formed by the 90° pulse 
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-N.M.R. Signal 

Monitor output from boxcar integrator 

Primary trigger (from multivibrator) 
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Pulse II (from modified Tek.163) 

Timing sawtooth for 
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(unmodified Tek.162) 

Discrimination level of 
following 161 set manually 

Output pulses from modified Tek.161 

Fi g . 5. Schematic of method for obtaining timing sequence 
for T, measurement. 
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and the second 180° pulse). The time between the f i r s t and 

second pulse was swept l i n e a r l y i n time, keeping the time be

tween the second and t h i r d pulse fixed. The echo amplitude was 

then d i r e c t l y proportional to the amplitude of the free i n 

duction decay following the 90° pulse and the boxcar output 

would again represent the recovery of M . There are two rea-

sons why one would normally expect this method to be superior 

to the two pulse sequence described above: 

1) the boxcar sampling pulse can be made twice•as long 

(the echo is just two free induction decays put back to 

back) 

2) the echo occurs well away from amplifier saturation 

effects caused by the r . f . pulses. 

In practice, however, greater long term s t a b i l i t y was obtained 

with the two pulse sequence. This was attributed to the fact 

that when phase sensitive detection is used, the output signal 

i s strongly dependent on the phase relationship between the 

reference voltage and the N.M.R. sig n a l . The output signal 

i s therefore also sensitive to d r i f t s i n the frequency of 

either the reference or the s i g n a l . It can be shown that long-

term d r i f t s in either of the frequencies w i l l affect both the 

echo and the free induction decay in exactly the same way ( i . e . 

the phase relationship of the reference voltage with either the 

centre of the echo or the beginning of the free induction decay 

is the same, and furthermore is independent of small frequency 

dif f e r e n c e s ) . However, short-term frequency d r i f t s (those 

d r i f t s occuring during a pulse sequence) w i l l have a much 
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stronger e f f e c t on the echo which i s placed much further away 

from the r . f . pulse. The r . f . pulse locks the phase of the 

free induction decay to the reference voltage and hence only 

the phase accumulated during the induction decay has any 

effect on the free induction signal, whereas for the echo, 

the phase accumulates from the l a s t r . f . pulse. The fact that 

sampling on the induction decay was in general more s a t i s 

factory than sampling on the echo was taken as an i n d i c a t i o n 

that short term frequency d r i f t s were present. 

For T^'s longer than a few seconds, automatic re

cording of the signal with the boxcar integrator had to be 

abandoned and the measurements were made v i s u a l l y on an 

oscilloscope. The pulse sequence employed was a burst of 

90° r . f . pulses to destroy the magnetization, followed 

l a t e r by a 90° r . f . pulse to monitor the recovery of M . 

The time between the end of the burst of 90°r.f. pulses and 

the monitor pulse was measured with a stopwatch. Measure

ment of the signal amplitude following the single 90° r . f . 

pulse was greatly f a c i l i t a t e d by the use of a Tektronix 

type-Z oscilloscope plug-in unit. 

Tg i n Hg was measured from the shape of the free i n 

duction decay following a 90° r . f . pulse when the condition 

T g « . Tgf was s a t i s f i e d . l/Tg represents the broadening of the 

resonance by the inhomogeneity of the applied magnetic f i e l d . 
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A set of Varian homogeneity c o i l s was used to increase T . 

To record the induction decay the boxcar sampling gate was 

swept slowly through the signal waveform. The time between 

the r . f . pulse and the boxcar gate was measured by the 

Hewlett-Packard time i n t e r v a l unit and printed out automat

i c a l l y . The r e p e t i t i o n rate was set by a free-running 

multivibrator which triggered the 90° r . f . pulse and also 

a Tek. 162 sawtooth generator. The sawtooth was fed into 

the modified Tek. 161 generator used for the boxcar gate 

whose triggering l e v e l was set by the sawtooth of the 

modified "ultra-slow" Tek. 162 generator. The boxcar sample 

therefore swept through the waveform at a rate determined 

by the "ultra-slow" sawtooth. 

A l l of the Tg measurements were made with the 

applied magnetic f i e l d d e l i b e rately set off resonance so 

that the detected signal was a damped sine wave instead of a 

straight exponential function (see Fig.6>Bof appendix B) . 

There are several advantages to measuring Tg i n this way: 

1) the signal/noise r a t i o i s automatically doubled since 

both positive and negative parts of the signal are used; 

2) when trying to measure the shape of the induction decay 

without introducing beats, the spectrometer must be 

set extremely close to exact resonance, and further

more must hold this s e t t i n g . When the beats are present 

small frequency d r i f t s have e s s e n t i a l l y no effect on the 

measurement; 
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3) any slow variations i n the baseline of the detected 

output are e f f e c t i v e l y suppressed by this method. The 

baseline, for example, could be recovering from the 

effects of the r . f . pulse. 

The modified Tektronix generators used i n the spec

trometer are as follows: 

Tek.162 sawtooth generator - the r e s i s t o r s i n the 

phantastron c i r c u i t were increased to give a maximum run-down 

time of about 30 minutes. 

Tek.161 pulse generator - the output was modified 

to give both positive and negative pulses for the boxcar 

integrator. The input was modified to allow the triggering 

discrimination l e v e l to be controlled externally, ( i . e . by 

the sawtooth of the "ultra-slow" Tek 162 generator) as 

well as i n t e r n a l l y . 

Tek.163 pulse generator - the input was modified 

in the same way as the input of the Tek 161. 

A l l of the above modifications are described in d e t a i l i n 

Blume's paper on the boxcar integrator!^ 

b) Transmitter 

The 30 Mc transmitter consisted of a coherent gated 

o s c i l l a t o r operating at 10 Mc, a t r i p l e r , and a gated power 

amplifier (Figs .IA and 2A, Appendix A). A second t r i p l e r was 

constructed to provide a 30 Mc reference voltage for the phase 

sensitive detector (Fig.3A). The t r i p l e r and gated poiver 
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amplifier c i r c u i t s are straightforward and need no description. 

The gated o s c i l l a t o r i s almost a direct copy of a c i r c u i t by 

Blume*® and has been adequately described by him. 

One small, but c r i t i c a l , defect was encountered i n 

the o r i g i n a l Blume c i r c u i t . During the gating pulse the l e v e l 

of o s c i l l a t i o n of the master o s c i l l a t o r dropped s l i g h t l y , 

causing the reference voltage to drop also. This in i t s e l f 

was neither surprising nor troublesome. However, the r e f e r 

ence voltage took a f i n i t e time to recover after the gating 

pulse and this transient, which i s of course passed by the phase-

sensitive detector, lengthened the overall recovery time of the 

system. It was decided to make the amplitude of the transient 

as small as possible rather than try to shorten the recovery 

time. To reduce loading of the o s c i l l a t o r by the gate tube 

the coupling capacitor between them was made smaller. In 

addition, a large capacitor was used within the o s c i l l a t o r 

compartment to minimize droop i n the +150 vo l t supply. 

F i n a l l y , the t r i p l e r producing the 30 Mc reference was pur

posely overdriven which made the output less sensitive to 

the amplitude of the input voltage. Altogether these modi

f i c a t i o n s reduced the unwanted transient to a negli g i b l e 

value. 

For operation at 7 Mc the transmitter needed only 

a few s l i g h t modifications. The 10 Mc cr y s t a l was replaced 

with a 7 Mc one, both t r i p l e r s were omitted and the appropri

ate tuned c i r c u i t s changed to tune at 7 Mc. A clipping c i r c u i t 
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was added to the phase s h i f t e r to help suppress the transient 

in the reference voltage produced by the gating pulse. A 

pair of 50.11 Hewlett-Packard attenuators were used to vary the 

voltage applied to the reference input of the 7 Mc main 

amplifier. 

c) Receiver 

The L.E.L. Model I.F. 21 receiver used at 30 Mc was 

connected d i r e c t l y to the sample tuned c i r c u i t through a small 

capacitor. No attempt was made to match impedances even 

though the receiver was designed for a 300-£l source. The 

ne u t r a l i z i n g of the cascode input c i r c u i t was adjusted em

p i r i c a l l y for the best signal/noise r a t i o . A good overal l 

noise figure was indicated by a s i g n i f i c a n t increase in the 

output noise when the sample c i r c u i t was tuned through reson

ance . 

The 7 Mc main amplifier was e s s e n t i a l l y i d e n t i c a l to 
17 

the one described by Clark and w i l l not be discussed here. 

The preamplifier incorporated a modification that i s perhaps 

worth mentioning. The transmitter and receiver were coupled 

to the sample c o i l as shown in Fig.&A. One set of s i l i c o n 

diodes (D^Dg) served to protect the receiver input tube from 

the r . f . pulse, and the other set (Dgi,D^) served to decouple 

the transmitter after the r . f . pulse. A disadvantage of 

such single c o i l systems i s that i t is d i f f i c u l t to optimize 

the transmitter and receiver functions of the c o i l simultan

eously. In p a r t i c u l a r , during the r . f . pulse when and 

conduct, the coupling capacitor Cp e f f e c t i v e l y becomes part 
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of the input tuned c i r c u i t . Diodes D„, D and the inductance 
o 4 

were added to allow separate tuning of the c o i l for the 

transmitting and receiving modes. could then be used to 

tune out the extra capacitance so that the input tuned c i r 

c u it was at resonance during both receiving and transmitting 

periods. 

d) Phase Sensitive Detector 

Phase sensitive detection at 30 Mc was accomplished 

by adding the 30 Mc reference to the N.M.R. signal just before 

the diode detector i n the L.E.L. amplifier. To achieve the 

addition the reference output was inductively coupled to the 

output of the l a s t stage of the L.E.L. amplifier with a few 

turns of wire wound around the tuned inductor of the l a s t 

stage. It should be noted that the main reason for using phase 

sensitive detection i s that i t i s inherently l i n e a r for signals 

of small enough amplitude. Ordinary detection i s inherently 

non-linear since the current vs voltage c h a r a c t e r i s t i c of any 

physical diode i s non-linear near the o r i g i n . Another reason 

for using phase sensitive detection is that the signal/noise 

r a t i o is e f f e c t i v e l y doubled by the a v a i l a b i l i t y of both 

positive and negative parts of the s i g n a l . In addition noise 

voltages do not produce dc components i n the detected output 

as they do in the usual type of detection. 

The method of phase sensitive detection used i n the 

amplifier designed by Clark i s e s s e n t i a l l y i d e n t i c a l to the 

method described above. 

We now discuss b r i e f l y the l i n e a r i t y of the type of 
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phase detector used. The voltage waveform applied to the diode 

is of the form 

E(t) = R sin ( u o t + - + S s i n ( u i t ) 

where R and S denote the amplitudes of the reference voltage 

and signal voltage respectively. This can be written in the 

form 

- P sin (.uit -t S") 

where 

Under the conditions that S « R^then P varies only s l i g h t l y 

from the fixed value P Q = R corresponding to S = 0. Since 

the diode i s reasonably l i n e a r away from the o r i g i n , small 

changes i n P are reproduced without d i s t o r t i o n i n the detected 

output. We now investigate the dependence of P - P q on S. 

Writing P as 
JL 

p _ JR"1- + T, R S cos <t> + " 

we see that for <$> = 0, P - P = S and for <P = 77* p _ p = _s„ 
' o ' o 

For other values of (f) , however, P - P Q does not have a l i n e a r 

dependence on S. Expanding the square root one gets 
p_ \> ^ Scosfi +- \ s i r i 1 ^ + - - -

If only the f i r s t term were present we would have an ideal 

phase sensitive detector. For the second term introduces 
S 

a f r a c t i o n a l error of ^ - of the maximum value of the s i g n a l . 
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If 1% l i n e a r i t y is required for values of <f) near jQT then the 

reference voltage must be a factor 50 greater than the si g n a l . 

Fortunately, i n the experiments reported, a l l information was 

obtained when <fi was 0 or If . In a T measurement 4> was set 

to 0 orTT to obtain the maximum amount of s i g n a l . In a 

measurement, where beats were deliberately introduced in the 

free induction decay, Tg was measured by p l o t t i n g the decre

ment of the maxima and minima of the damped sine wave. The 

maxima and minima correspond exactly to 4)= 0 and <f> =7f. In 

practice, the amplitude of the signal was kept below 1/10 of the 

reference. 

e) Boxcar Integrator 

The boxcar integrator was constructed after a design 
12 

by R. J . Blume. The monitor output was modified to exhibit 

the position of the sampling gate on the input waveform. This 

was accomplished by mixing i n part of the sampling pulse 

with the input waveform. A schematic diagram of the boxcar 

integrator i s shown in Fig.7A.of Appendix A; Appendix B con

tains a f a i r l y complete analysis of i t s operation, 

i i i ) Temperature Measurement and Control 

A l l of the T^ and Tg measurements in Hg gas were 

taken with the sample holder immersed i n l i q u i d Ng. 

Periodic measurements have shown the temperature of the com-

mercial l i q u i d Ng used to be about 77.5 - 0.5°K at one atmos

phere pressure. 

Some of the proton T 's i n HD were taken using a 

http://Fig.7A.of
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sample holder very similar to that used for Hg ( s p e c i f i c a l l y , 

those measurements taken at 30 Mc.). For these measurements 

the temperature was measured with a copper constantan thermo

couple strapped to the side of the brass sample holder. The 

thermocouple was calibrated against a platinum resistance 

thermometer calibrated by the U.S. National Bureau of Standards. 

The range of temperatures where measurements were taken and 

the way in which they were attained is as follows: 

65 — 7 8 ° K - controlled evaporation of the 
l i q u i d Ng bath 

197°K - crushed dry-ice bath 

273 -^373°K - water bath 

No attempt was made to achieve high accuracy with the thermo

couple and the reported temperatures are correct only to within 

about 0.5°K. 

For the rest of the proton T^ 8s in HD and a l l of the 

deuteron T 's i n HD and D Q a metal dewar system was employed 

(described i n section v i ) . Here the temperature of the sample 

could be e l e c t r o n i c a l l y regulated at any temperature between 

20°K and 330°K. A single copper resistance thermometer 

served both as the primary thermometer and also as the sensing 

element of the temperature regulator. It consisted of 1000 

turns of #44 B&S gauge enamel covered copper wire (obtained 

from Canada Wire and Cable Co.) wound d i r e c t l y onto one end 

of the copper sample holder. To eliminate the magnetic f i e l d 

of the measuring current the thermometer was b i f i l a r wound. 
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Silicone resin was used to help insulate the wire from the 

sample holder and also to hold the windings in place. The 

windings were further protected by a covering made of thin 

mylar sheet. 

The use of copper wire for resistance thermometers 
19 

has been described i n d e t a i l by Dauphinee and Preston-Thomas. 

The advantage of such thermometers are many: 

1) they can be made from ordinary commercially available 

copper wire• 

2) they are quite sensitive over a wide range of temper

atures: the change in resistance per °C at 0°C is 

~ 0.4% per °C, increasing to ~ 4% per °C at 80°K, but 

decreasing however, to almost zero at 20°K*1 

3) very close heat contact can be made between the ther

mometer and the sample ̂  

4) only 2 fixed points (the ice point and the l i q u i d H 

point) are needed to calib r a t e the thermometer when used 

in conjunction with the table given by Dauphinee and 

Preston-Thomas • 

5) they retain their c a l i b r a t i o n , provided thermal shock 

is avoided. 

The thermometer used was calibrated at the l i q u i d hydrogen 

point by admitting H 2 gas to the sample holder when i t s temp

erature was i n the v i c i n i t y of 20°K and then noting the 

pressure at which the began to l i q u i f y . The temperature 

could then be obtained from vapour pressure data for l i q u i d 
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H^. The r e s u l t i n g c a l i b r a t i o n shor.ld be a c c u r a t e to b e t t e r 

than 0.1°K over the range 20—>320°K. 

R e s i s t a n c e measurements were made u s i n g the c i r c u i t 

shown i n F i g . 6. The b a s i c procedure c o n s i s t e d of comparing 

the v o l t a g e a c r o s s the r e s i s t a n c e thermometer t o t h a t a c r o s s 

the s t a n d a r d r e s i s t o r R when t h e r e was a common c u r r e n t 
s 

f l o w i n g through both r e s i s t a n c e s . T h i s method was used to 

e l i m i n a t e the e f f e c t s of l e a d r e s i s t a n c e s . The comparison was 

a c h i e v e d w i t h the use of an o r d i n a r y p o t e n t i o m e t e r ; i f was 

not n e c e s s a r y , however, t o use a s t a n d a r d c e l l s i n c e o n l y 

r e l a t i v e measurements were r e q u i r e d . The s w i t c h was i n 

c l u d e d to r e v e r s e the w o r k i n g c u r r e n t s so t h a t e r r o r s due t o 

t h e r m a l e.m.f.'s c o u l d be e l i m i n a t e d . I n p r a c t i c e , however, 

the v o l t a g e s measured were always i n the 10—^100 m.v. 

range and i t was never n e c e s s a r y to use S^. 

T h i s c i r c u i t was a l s o used as p a r t of the temper

a t u r e c o n t r o l system. An o u t p u t t a k e n from the Brown n u l l 

i n d i c a t o r was f e d i n t o a p r o p o r t i o n a l c o n t r o l c i r c u i t t h a t 

r e g u l a t e d the c u r r e n t i n a h e a t e r c o i l wound around the 

sample h o l d e r . The p r o p o r t i o n a l c o n t r o l c i r c u i t , d e s i g n e d and 
20 

c o n s t r u c t e d by F. B r i d g e s c o u l d n o r m a l l y s u p p l y a maximum 

of t h r e e w a t t s of power i n t o a lOOOXi. h e a t e r c o i l : t h i s 

c o u l d be supplemented by an a d d i t i o n a l 4 w a t t s of f i x e d power 

i f d e s i r e d . (See appendix A f o r d e t a i l s of c i r c u i t . ) The 

proce d u r e f o r r e g u l a t i n g the sample h o l d e r a t a f i x e d tem

p e r a t u r e was as f o l l o w s : 
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F i g . 6. Resistance Thermometer C i r c u i t 



1) with the setting on the potentiometer at 100 mt volt 

and S at the standard resistance position, R q was adjusted 

u n t i l the n u l l indicator read zero. Maximum s e n s i t i v i t y is 

obtained with R G equal to the thermometer resistance R, but 

in practice i t was convenient to choose R G to be the smallest 

power of 10 greater than R (e.g. for R = 8 1 8 , 0 - ^ L , R was 

1000 •' ) ., The potentiometer would then read d i r e c t l y in 

-XI » S ; 

2) S was then switched to the thermometer position and 

the potentiometer changed to the setting appropriate to the 

desired temperature; 

3) the amount of cooling applied to the sample holder 

was adjusted, i f necessary, u n t i l the control c i r c u i t started 

to regulate. (see section iv ); 

4) when the temperature of the sample holder had reached 

an equilibrium value, then the average heater current was ad

justed u n t i l the null detector read zero ( i f this f i n a l adjust 

ment is not made then the equilibrium temperature w i l l be 

s l i g h t l y d i f f e r e n t than the temperature indicated by the po

tentiometer) , 

It appeared that the long-term regulation achieved 

was much better than 0,1° Kelvin at l i q u i d N 0 temperatures, 

although at the extremes of the temperature range the regu

l a t i o n may have been as poor as 0.25°K. This degree of s t a b i l 

i t y was quite s u f f i c i e n t for a l l of the measurements taken and 

no attempt was ma e to improve the regulation. 
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iv) Metal Dewar: 

The metal dewar used was a modification of a dewar 

designed by J.D. Noble and constructed by the Physics machine 

shop. A schematic diagram of the dewar in i t s modified form 

appears in F i g . 7. The essential modifications were: 

a) a new inner can was b u i l t in an attempt to at t a i n a 

high transfer e f f i c i e n c y when using l i q u i d helium, 

b) a "blow cryostat" system was incorporated whereby cold 

helium gas from the inner can could be used to cool the 

sample holder. 

Minor modifications included increasing the length of the s t a i n 

less steel tubing supporting the inner can, and adding an ac

cess tube for a l e v e l i n d i c a t o r . 

The o r i g i n a l inner can consisted of about 6 kg. of 

brass, and i f only the latent heat of the l i q u i d helium was 

used i n cooling, about 6 l i t r e s of l i q u i d would be required to 

cool the can from 77°K to 4.2°K. This amount would be reduced 

to about 0.5 l i t r e s i f maximum use was made of the cold 

helium gas, i . e . 

i ) a l l parts of the container were at the same temperature 

during the cooling and i i ) the helium gas leaving the con

tainer was at the same temperature as the container. To en

sure that good use was made of the helium gas, two extra con

centric cylinders (made of thin sheet brass) were added to 

the new inner can, which, together with the walls of the can 

formed a heat exchanger. The can i t s e l f was made of copper. 
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During the transfer the helium gas could exit only through 

the spaces between the cylinders. To ensure that the flow was 

turbulent the space between the second of the cylinders and 

the wall of the can was stuffed with "copper turnings", a 

commercially available form of copper "wool". In actual 

transfers the minimum amount of l i q u i d helium used in cooling 

was approximately 1.6 l i t r e s indicating perhaps that the e f f i c 

iency of the heat exchanger was considerably less than 100%. 

Unfortunately, the o r i g i n a l inner can was never used with 

l i q u i d helium and no comparison can be made between the two 

designs. 

Cooling of the sample holder was o r i g i n a l l y to be 

provided by a conducting l i n k between the sample holder and 

the cold "finger" at the bottom of the dewar. Upon closer 

investigation i t was decided that a reasonable heat leak 

(reasonable as regards l i q u i d helium consumption) would lead 

to unreasonable cool-down times, of the order of days for a 

sample holder weighing 500 gms. With the "blow cryostat" 

system actually used, the temperature of the sample holder 

could be changed from 70°K to 20°K in about 20 minutes using 

only the helium gas boiled off by normal heat leaks: to the 

inner container. Coarse regulation of the sample holder 

temperature was obtained by c o n t r o l l i n g the amount of gas 

flowing through the heat exchanger with a needle valve. Fine 

regulation was obtained of course with the heater c o i l on the 

sample holder. For sample holder temperatures i n the range 
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30—*60°K one f i l l i n g of l i q u i d helium would l a s t for about 

30 hours. 

The lead conducting l i n k shown i n F i g . 7 was found to 

be unnecessary and was actually omitted i n some of the low 

temperature runs. However i t is worthwhile noting that a wire 

of high purity lead in the normal conducting state can provide 

a reasonably constant heat leak between a heat reservoir at 

l i q u i d helium temperatures and another reservoir in the 

temperature range 8°K—^80°K. For example, the thermal con

ductance of a piece of lead wire between the temperatures 

4.2°K and 80°K i s only double the conductance between the 

temperatures 4.2°K and 10°K. This is a result of the rapid 
21 

increase i n conductivity of the lead below 80°K. 

To obtain temperatures above 80°K the inner con

tainer was f i l l e d ivith l i q u i d nitrogen. A rod with a heater 

c o i l at one end could be inserted into the inner can via the 

transfer tube to increase the flow of cold nitrogen through 

the heat exchanger when rapid cooling was required. With 

the radiation shield around the sample holder at 77°K i t was 

possible to regulate the sample holder at any temperature i n 

the range 80°K to 330°K. Temperatures down to 65°K could be 

obtained by pumping on the nitrogen in the inner container. 

The l i q u i d helium l e v e l indicator consisted of a 

100-̂ - '4-watt carbon-composition r e s i s t o r mounted on the end 

of a length of 1/8" thinwall s t a i n l e s s - s t e e l tubing (see ref. 

."26 f o r a discussion of various types of l e v e l i n d i c a t o r s ) . 

A potential of 10 volts was applied across the r e s i s t o r and 
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the current monitored. As long as the l i q u i d i n the inner 

can was f a i r l y s t i l l the current would decrease by about 

20% as the r e s i s t o r entered the l i q u i d . Hoxvever, while trans-

fering no ind i c a t i o n of the l i q u i d l e v e l could be obtained; 

the transfer had to be interrupted for a minute or so to 

allow the l i q u i d helium to s e t t l e down. A further d i f f i c u l t y 

encountered was the freezing of a i r in the access tube causing 

the l e v e l indicator to s t i c k . Transfer of l i q u i d helium was 

effected by pumping on the inner container and therefore an 

imperfect seal at the top of the access tube would allow a i r 

to be sucked down this tube. The seal, made from a piece of 

rubber stopper, was adequate as long as the l e v e l indicator 

was not moved. It was necessary, therefore, to have the 

pressure in the inner container at or above atmospheric 

pressure whenever the le v e l indicator was moved, 

v) Gas Handling System 

The gas samples used in the experiments were obtained 

as follows: 

Hg - obtained from Matheson of Canada Ltd. i n the IA 

cylinder size; u l t r a pure grade (guaranteed t o t a l 

impurities less than 10 parts per m i l l i o n ) . 

HD - 5 l i t r e s (at S.T.P.) of 98% minimum isotopic purity; 

obtained from Merck Sharp and Dohme of Canada Ltd. 

Dg - 50 l i t r e s of 99.5% isotopic purity; also obtained 

from Merck Sharp and Dohme. 
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When Hg and Dg are used at low temperatures ( l i q u i d 

nitrogen temperatures and lower) the p o s s i b i l i t y of conversion 

between the ortho and para modifications must be considered. 

To ensure that a l l Hg and Dg samples were "normal" mixtures, 

the gas in the sample holder was p e r i o d i c a l l y discarded and 

replaced with fresh gas during low temperature runs. The Hg 

and Dg samples were under pressure when purchased and could 

be e a s i l y handled with the use of a regulator on the storage 

tanks. In the case of Hg the pressure was usually measured 

with a mercury mSnometer^whereas for Dg and HD the pressure 

was measured with a Bourdon gauge (vacuum to 115 psi) : 

In HD there are no ortho and para modifications and 

as much of the sample as possible was recovered. (This i s a 

rather fortunate circumstance in view of the high cost of 

the HD.). The sample came i n a 5 l i t r e container at 1 atmos

phere pressure and a diaphragm pump was constructed to raise 

the pressure of the HD in the sample holder. 

A schematic diagram of the gas handling system used 

is given i n F i g . 8 together with a drawing of the diaphragm 

pump i n F i g . 9. The diaphragm was made of synthetic rubber 

(from an automobile inner tube) and seemed to be s a t i s f a c t o r y . 

The pump cycle i s as follows: with a l l valves open except 

#'s 2 and 6 the system is pumped down with the vacuum pump. 

Then valves #1 and #5 are closed and #2 opened admitting HD gas 

to the system. Valve #2 i s then closed and valve #6 opened 

to admit the high pressure working gas ( ^ 100 psi pressure) 
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F i g . 8. Schematic of HD gas handling system 

Inlet 

F i g . 9. Diaphragm Pump 
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to the opposite side of the diaphragm. The volume occupied 

by the HD i s reduced and the pressure increases accordingly. 

Valve #4 i s closed and the working gas pumped o f f . Valve #2 

is then opened and the cycle repeated. The ultimate pressure 

attained from this kind of pump i s dependent on two factors, 

namely the volume of the HD sample r e l a t i v e to the rest of 

the system, and the working volume of the pump r e l a t i v e to 

the "dead" volume of the system (this includes the sample 

holder). In practice four or five pump cycles w i l l raise the 

pressure to about seven atmospheres. To recover the HD the 

pump cycle i s reversed. 

The problem of contamination of the gas samples by 

the..gas'.handling system i s a very s l i g h t one, since only 

gross impurities in the gas affect T^. The reason for this 

i s that the dominant relaxation mechanism i s intramolecular 

in o r i g i n . At most then, an impurity molecule can present 

a d i f f e r e n t cross-section for reorientation of J^ To be 

s p e c i f i c , one expects that in the pressure narrowed region 

T^ can be written in the form: (for hydrogen say) 
Ti = C, P. + C P 1 h h g g 

where P^ and Pg are the p a r t i a l pressures of the hydrogen and 

the impurity gas respectively. (The constants and are 

measures of the effectiveness of the respective species for 
— > 

reorienting J.) This i s supported by the work of Johnson and 
Q 

IVaugh who studied adulterated Hg at room temperature. If 

C i s small compared to C, then the only error introduced 9 h 
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by the impurity is an error i n the value of the pressure 

(equal to the p a r t i a l pressure of the impurity). On the 

other hand, i f CG is large compared to the error i n 

can be appreciable. A table of values for C taken from 

Johnson and Waugh is given below. It i s reasonable to assume 

that these values w i l l be the same for and roughly the same 

for HD. 

Molecule c / c v h 
He .62 
Ar .69 
H 2 1.00 
Oo 1.34 

2.80 
CF° 3.24 
No 3.66 
cd 5.30 
NO 5.94 
C C l F o 7.94 
N 90 18.2 
COo 21 , 6 
C H F 3 29.6 

Table 4. Values of C_/C. at 
g n 

room temperature. 

For the measurements taken at 77°K and below, the 

only impurities l i k e l y to be present are He, Ne, Ar, Og and 

Ng, and of these Ng has the strongest e f f e c t . N^ present to 

the extent of 1% w i l l result i n a 2.7% error in T^. This i s , 

however, a gross impurity and one expects the percentage of 

Ng to be well below 1%. 

v i ) Sample Holders; 

For the measurements on H^ gas a wide variety of 

sample holders was used; a t y p i c a l one i s shown in F i g . 10. 

The primary objective i n designing a sample holder and c o i l for 
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the present type of study is to obtain as high a signal/noise 

r a t i o as possible. If a l l of the noise originates as thermal 

noise from the sample c o i l , as i t should i n a properly de

signed system, then the signal noise/ratio S depends on the 

c o i l parameters i n the following way: 

S oC k V ^ 

where k i s the f i l l i n g factor, 

V i s the volume of the c o i l , 

and Q is the quality factor of the tuned c i r c u i t . 

It i s evident that a c o i l with a large volume and a high Q i s 

desired. The size of the sample is usually limited by the 

space available and also by the homogeneity of the magnet. 

To obtain a high Q, the c o i l must be kept away from conducting 

media and long leads are to be avoided. A c o n f l i c t i n g require

ment i s that the sample c o i l s must be sheilded to eliminate 

pick-up of r . f . interference. The sample c o i l and sample 

holder of F i g . 10 was found to be a reasonable compromise 

for use in T^ measurements. Sample c o i l s for T^ measurements 

were of course much smaller because of the higher f i e l d homo

geneity required. 

In constructing sample holders for T^ measurements 

materials such as brass and "non-magnetic" stainless steel 

had to be avoided as they were s u f f i c i e n t l y magnetic to s p o i l 

the f i e l d homogeneity; copper was found to be s a t i s f a c t o r y . 

The sample c o i l s themselves had to be kept free of proton 
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bearing material, and i n p a r t i c u l a r enamel covered wire could 

not be used. It was necessary to clean the c o i l s with an 

organic solvent to remove grease and other contaminants. 

The sample holder for use at 7 Mc i s shown in F i g . 

11. Copper was chosen as the casing material in order to 

reduce temperature gradients and also to match the c o e f f i c i e n t 

of expansion of the copper thermometer. The leads for the 

heater c o i l and copper thermometer exit through six Kovar 

seals at the bottom of the sample holder (not shown). Insu

l a t i o n of the r . f . leads from the stainless steel tubing was 

provided with a length of glass tubing (also not shown). 

The 46 Mc saturating c o i l consisted of a pair of rectangular 

c o i l s with t h e i r axis perpendicular to the 7 Mc receiver 

c o i l . 

For a more complete discussion of " c o i l strategy" 
17 

the reader is referred to a recent paper by Clark. 

Abragam (p.82) includes a very useful section on signal/noise 

r a t i o s . 
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CHAPTER IV 

Experimental Results and Discussion 

4.1 The T Minimum in 

Experimental Results 

In order to study T and T i n the region where 

temperature 77.5 K was chosen primarily because of the conven

ience of immersing the sample holder i n l i q u i d nitrogen. 

Signal/noise considerations alone point to using the lowest 

temperature av a i l a b l e . However, below 80°K the value of 

sharply and the T^ minimum occurs at an increasingly lower 

density. At 20.4°K the signal/noise r a t i o at the minimum 

would be improved at most by a factor of about four from 

the value at 77 .5°K. This assumes that the only noise pre

sent i s the thermal noise from the sample c o i l . When the 

temperature of the c o i l i s 20°K and the frequency 30 Mc, 

this requirement is d i f f i c u l t to meet even when using a high 

quality amplifier such as the L.E.L. model I.E. 21. Since 

l i q u i d hydrogen was not available and a l i q u i d helium cryo

stat would have been necessary to reach the 20° Kelvin 

range, i t was decided that T = 77.5°K was a reasonable 

compromise. The extra problems encountered when using l i q u i d 

o 

V f </> is the density i n amagat units) increases quite 
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helium in e v i t a b l y tend to reduce the size of the samples that 

can be used, and also reduce the Q of the input c i r c u i t . 

The lowest pressure at which measurements could be 

taken was set partly by the o v e r a l l recovery time of the 30 

Mc spectrometer which was about 30 usee. At 0.05 atmospheres 

Tg was approximately 60 usee so that part of the signal was 

l o s t before the receiver had recovered. Also, at the low 

pressures where the largest sample c o i l s were used, the r . f . 

pulse lengths were long, of the order of 20—^30 jusec for a 

180° pulse. Together with the fact that T^ was increasing, 

these effects resulted i n a very rapid decrease i n the s i g n a l / 

noise ratio for pressures below 0.05 atmospheres. Since pulse 

spectrometers have been b u i l t having recovery times of a few 

microseconds, an obvious improvement would be to shorten both 

the recovery time and the r . f . pulse lengths. 

Representative traces obtained at various pressures 

for both Tj and Tg measurements are shown i n Figs. 12 and 13. 

The d e t a i l s of the method of measurement are described i n 

Chapter I I I . T y p i c a l l y , a single Tj trace took from two to 

ten minutes to complete; some of the Tg traces took as long 

as f i f t e e n minutes. Before s t a r t i n g the sweep i n a T^ 

measurement, the 90° pulse was momentarily set at a fixed 

time i n t e r v a l of about 5T^ away from the 180° pulse i n order 

to obtain a value for A ^ . This value of A o o was compared 

with the value obtained at the end of the T^ measurement: i f 

the two values were s i g n i f i c a n t l y d i f f e r e n t , indicating some 



F i g . 12. Typical traces for T 1 measurement. 

F i g . 13. Typical traces for T 2 measurement. 
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sort of d r i f t i n the apparatus, then the trace was discarded. 

S i m i l a r l y , i n a Tg measurement the gain s t a b i l i t y of the 

apparatus during a measurement was checked by simply repeat

ing the beginning of each trace. A l l but a few of the traces 

s a t i s f i e d these checks and were found to be exponential to 

within the accuracy imposed by the signal/noise r a t i o . In 

addition, above the minimum T was equal to T to within 
j. & 

experimental error. 

In order to discuss the accuracy of the measure

ments we l i s t most of the possible sources of error i n a T^ 

or Tg measurement: 

1) gain i n s t a b i l i t y 

2) i n s t a b i l i t y i n the amplitude of the reference voltage 

3) i n s t a b i l i t y i n the r . f . pulses 

4) frequency or f i e l d i n s t a b i l i t y 

5) non-linear c h a r a c t e r i s t i c s of the receiver and detect

ing system 

6) in t e r a c t i o n of the r . f . pulses i n a 2 pulse sequence 

7) inhomogeneity of applied f i e l d (T^ measurement) 

8) d i s t o r t i o n produced by the boxcar integrator 

9) interference 

The presence of any of the f i r s t four sources of 

error can be e a s i l y detected by the procedures described i n 

the preceding paragraph. It was found that the only i n s t a 

b i l i t y of importance was a slow d r i f t i n the magnetic f i e l d . 

This had e s s e n t i a l l y no eff e c t on a Tg measurement where 

beats were deliberately introduced, but could af f e c t a T 



-83-

measurement by changing the shape of the detected waveform. 

Usually after an extended period of operation the magnet be

came stable enough that errors due to f i e l d d r i f t were n e g l i 

gible . 

The l i n e a r i t y of the receiver and phase detector was 

checked by taking a succession of traces with d i f f e r e n t re

ceiver gain settings and then comparing the values of T^ or 

Tg obtained from the traces. The l i n e a r i t y could also have 

been checked by measuring the height of the signal after a 

90° pulse as a function of gas density, but since no evidence 

of non-linearity was found by the f i r s t method this was un

necessary. 

An interaction between the r . f . pulses existed for 

very short pulse spacing ( i . e . the amplitude of the second 

r . f . pulse varied with the pulse spacing), but for spacing 

greater than 100 ^isec the in t e r a c t i o n was i n s i g n i f i c a n t . 

The T measurements were made by measuring the time 

constant of the free induction decay and i t was therefore 

necessary to have the magnetic f i e l d s u f f i c i e n t l y homogeneous. 

Before the sample holder was cooled to l i q u i d nitrogen temper

ature, the homogeneity was measured by f i l l i n g the sample holder 

with high purity acetone and observing the free induction de

cay. The acetone was l a t e r pumped out through a cold trap 

without disturbing the position of the sample holder in the 

magnetic f i e l d . Since Tg for the protons i n acetone i s of 

the order of seconds, the resulting decay constant was 
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e s s e n t i a l l y a measure of the magnet homogeneity. Using the 

Varian homogeneity c o i l s could be made as long as 100 

msec for the smallest sample c o i l employed. (T^ i s a 

measure of the magnet homogeneity.) It was possible to 

arrange that T £ ^ 100 T for the pressure region i n which 

each c o i l was used. (The larger c o i l s were used at the lower 

pressures). 

D i s t o r t i o n produced by post detection integration 

is discussed i n d e t a i l in Appendix B. By proper choice of 

the integrating parameters this type of d i s t o r t i o n can be 

made a r b i t r a r i l y small (at the expense of signal/noise, 

however). 

In spite of the fact that the sample c o i l s were well 

shielded, r . f . interference produced by flourescent l i g h t s , 

e l e c t r i c motors and the l i k e was usually present i n varying 

amounts. Although actual measurements lvere taken only when the 

video output appeared to be free of interference, this was no 

guarantee that interference below the normal noise l e v e l was 

absent. Small amounts of certain types of interference can 

d r a s t i c a l l y affect the f i n a l signal/noise r a t i o because of 

the large amount of integration applied to the video waveform. 

It is possible that such interference contributed to the rapid 

decrease in signal/noise for pressures below 0.05 atmospheres. 

One known source of interference was the pickup of 30 Mc r a d i 

ation from the Hewlett-Packard frequency meter which produced 

a beat frequency of about 1 Kc with the spectrometer r e f e r 

ence voltage. It was minimized by decoupling the input leads 
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to the time i n t e r v a l unit with small capacitors. Components 

of interference at the l i n e frequency (60 c.p.s.) or i t s 

second harmonic (120 c.p.s.) were not present i n s i g n i f i c a n t 

amounts, although f a i r l y short pulses locked to the l i n e v o l t 

age were sometimes present. 

The data was taken under a wide variety of experi

mental conditions: di f f e r e n t sample c o i l s and sample holders, 

d i f f e r e n t gain settings, d i f f e r e n t integrating parameters 

etc., and this allowed some conclusions to be drawn about 

systematic errors. In the one atmosphere pressure range the 

measured values of T were generally reproducible to within 

1% during a p a r t i c u l a r "run". However, there were discrep

ancies of up to 3 or 4% between results obtained on d i f f e r e n t 

days. It i s suspected that the discrepancies were due to the 

magnetic f i e l d not being s u f f i c i e n t l y homogeneous, although 

i t i s not understood why the method used for measuring the 

homogeneity was inadequate. Systematic errors i n the T^ 

measurements, which were inherently less accurate than the 

Tg measurements, were probably obscured by the general 

scatter i n the data. 

The experimental results are shown i n Figs. 14 and 

15 along with various theoretical curves. The density of the 

gas i n amagat units was obtained from the pressure and temper

ature using the compressibility table for Hg given by Wooley, 

Scott and B r i c k w e d d e T h e T^ minimum occurs at a density 

of approximately 0.6 amagats (0.17 atmospheres) and the value 

of T^ at the minimum is 182^usec. 



Density ( Amagats) 

F i g . 15. T1 v s ^ i n H 2 gas at 77.5°K. 
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Comparison with Theory: 

Assuming for the moment that the co r r e l a t i o n func

tions of J > a r e exponential,we compare the predictions of the 

theory with the experimental results i n the region of the 

minimum. Now i n a s u f f i c i e n t l y d i l u t e gas one can always 
-JT t J " feT put Ct

 =JgfL where ^e. is constant for a given temperature and 

p is the density of the gas in amagat units. Furthermore 

only the J = 1 state of ortho-hydrogen i s appreciably popu

lated at 77.5°K (the f r a c t i o n of molecules in states other 

than the J = 1 state i s less than 10~ 4) . Therefore from 

Equations (2.5a) and (2.5b) T^ and T^ as functions of J> are 

given by: 

(4.1) 

ft- ~2. 

(4.2) 

11 -2 -2 where M = ^ ^ H H = 3.41 X 10 sec" gauss 

and N = J_L ^ HH = 3.94 X 10 1 1 sec" 2 gauss" 2 

For a given value of n = - k^/k^, the values of 
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k^ and kg are uniquely determined by the high density 

( (y\ - lOj) k 1 / p « 1) value of T^p = Tg/p . From 

a series of measurements at about 8 atmospheres pressure, 

Tj/p at 77.5°K was found to be 0.122 msec/amagat - 3%. 

(This agrees with the value of 0.120 msec/amagat i n normal 
22 

hydrogen obtained by Lipsicas and Hartland. ) From the 

values of k^ and kg obtained, T^ and Tg were computed as a 

function of p for various values of X, jXx. between, the expected 

l i m i t s of 0 and 3. The results for selected values of 

appear i n Figs. 14 and 15. Note that the absolute values of 

k^ and kg do not affect either the shape or the value of the 

Tj minimum; only the position of the minimum with respect to 

the gas density can be affected. In F i g . 16 the value of T^ 

at the minimum and also the asymptotic value of 1 / j 3 Tj below 

the minimum i s plotted as a function of XK/X\. . F i g . 17 shows 

the ratio of Tg/p a ' 3 0 v e a n <* below the T^ minimum as a function 

of t ^ / t V . Together, the three curves of Figs. 16 and 17 give 

a good in d i c a t i o n of the s e n s i t i v i t y of the theore t i c a l values 

of Tj and Tg to the r a t i o % /ZX' 

In comparing the Tj data to the theory the f i r s t 

conclusion that can be drawn i s that i f UJj is omitted from 

Eq. (4.1) then the theory does not f i t the experimental data 

for any value of JX%. . The minimum possible value of T^ 

neglecting U)j i s shown i n F i g . 15 and the fact that i t l i e s 

above the experimental data i s direct experimental evidence 

that the s p l i t t i n g of the rotational levels cannot be neglected. 



, 1 1 1 ) " 
iu  

1 

II-

' \ 
10-

(arbritrary units) 

9 -

8 -

-300 — 

7 -

V (T,) min. (^t-sec) .... 

V 6-

-200 

- .1 

- , 0 ° , . i 

i 1 i 1 i 1 
I I I l I I L_ 
0 1.0 2.0 3.0 

F i g . 16. < T i ) m i n and ( 1 / ^ > T
1

)
b
 a s a function of%/z^. <^{>min 

i s the value of i n H 2 gas at the minimum, and (l^>T 1)b is 

the asymptotic value of l/^T^ below the T minimum 



-91-

F i g . 17. (T 2^o)b vs T,/Tz. (T 9/p)a and (T /p)b 

2 ^ 
denote the asymptotic values of T^/p above 

' C t ^ t - u J r ) H ), and below C?,^ ̂ ( j A . - ^ 1 ) 

the minimum respecflively. 
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I f \A)J i s included i n eq. (4.1) then for 

the theory f i t s the experimental data extremely well . For 

%/Vx. - 0.6 the theory just skims the top of the data near 

the minimum, whereas for V,/TX~ 0.4 the theory l i e s well 

outside the scatter of the experimental data. Unfortunately, 

for 1 ^ Tf/X-x. ^ 3> the shape and value of the minimum 

is almost independent of % /Zu (see F i g . 16). As a conse

quence the results can set only the rather wide l i m i t s on 

tf/Vil 0*k>^-X.xfTx^= 3 ° T n e l ° w e r l i m i t i s quite sharp whereas 
the upper l i m i t i s f a i r l y d i f f u s e . 

We now appeal to the Tg results to impose further 

l i m i t s on X,/Vj,. Although there i s substantial scatter i n 

the Tg data i n the region of i n t e r e s t , i t would appear that 

a value of %I~C± between 0 and 1 gives the best f i t between 

theory and experiment. Note that although Tg/p at low pres

sures does not depend very strongly on the value ofXjXx. , 

t h i s dependence i s monotonic (see F i g . 17). As a r e s u l t , 

improving the accuracy of the Tg measurements may be the most 

e f f e c t i v e way of narrowing the l i m i t s on Combining 

the l i m i t s imposed on Z,/Xx. by the T and T 0 results we ob-
1 £ 

t a i n 0.6 4z X,jXx, £ 1.0. It i s i n t e r e s t i n g to note that Bloom 

(private communication) has predicted that X/Xx - 0.6 for 

orthohydrogen i n the J = 1 state. 

The foregoing comparison between theory and experi

ment was based on the assumption that the c o r r e l a t i o n functions 

of J were exponential. However, the excellent agreement be

tween theory and experiment with respect to the shape of the 
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minimum demonstrates experimentally that the co r r e l a t i o n 

functions are at least close to being exponential. For com

parison, the theoretical behaviour of when gaussian cor

r e l a t i o n functions are employed i s shown in F i g . 15 for f, = T x . 

The obvious disagreement with the experimental results cannot 

be s i g n i f i c a n t l y lessened by changing the value of T, j . 

4.2 Relaxation Measurements i n HD  

Experimental Results 

T for the proton and deuteron i n HD gas was measured 

as a function of temperature and pressure for temperatures be

tween 30 and 373°K and pressures up to 8 atmospheres. As a l 

ready mentioned in chapter I I , T^ is not s t r i c t l y defined 

for either nuclear species in HD because of the cross relax

ation introduced by the dipole-dipole i n t e r a c t i o n . Hqwever, 

to the accuracy of these experiments, the recovery of ^X-^) 

or should be exponential with a time constant equal to 

the corresponding value of T (see chapter I I ) . This was borne 

out by the experiments where the observed recoveries of {X-i} 

or ^ S j ^ were always exponential. 

To within experimental error T^ was found to depend 

l i n e a r l y on the density f throughout the temperature range. 

For a few of the temperatures where the signal/noise r a t i o 

was favourable, measurements were made down to the lowest 

densities possible in a search for the Tj minimum. 

The results of one such attempt are shown in F i g . 

18. T^ for the proton in HD at 77.5°K was measured as a 



h70 

h 6 0 

h 5 0 

h 4 0 

h30 

H 2 0 

10 

T| (msec) 

HD 775 °K 

10 20 30 
PRESSURE (psi) 

40 50 

F i g . 18. as a function of pressure for the proton i n HD gas at 77.5 
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function of pressure from 60 p s i down to 1 p s i . At the time 

when the measurements were made, the s l i g h t deviation from 

l i n e a r i t y at the lowest pressures was thought to be i n s i g 

n i f i c a n t . However, a subsequent cal c u l a t i o n showed that for 

T = 77.5°K the value of at the minimum should be approxi

mately 1.2 msec, to be compared with 1„7 msec, the lowest 

value of measured. The beginning of the T^ minimum may 

i n fact have been observed. 

For the range of temperatures and pressures en

countered i n the experiments the density f> i s given with 

s u f f i c i e n t accuracy by compressibility tables for Hg. To 

obtain greater accuracy one can use the results of Knaap 
23 

et al„ who have measured the second v i r i a l c o e f f i c i e n t s 

of the hydrogen isotopes between 20 and 70°K. 

The values of T ^ / p f ° r the proton and deuteron 

obtained from plots of T^ vs j> are plotted as function of 

1/T i n F i g . 19. A single value of T^ for the proton i n HD 

at 20.5°K obtained by Bloom 2 4 i s also included. In F i g . 9, 

(T ^ / p ) proton vs 1/T i s shown for temperatures above 100°K 

in order to exhibit the temperature dependence more c l e a r l y . 

The general features of the results can be b r i e f l y stated: 

i ) below 65°K^ T̂ Ĉ> for both nuclear species increases 

rapidly as the temperature i s lowered. To within experi

mental error the temperature dependencies are almost i d e n t i 

c a l , with (T-ĵ /jO )protoo /CT deuteron ^ 1.33, 

i i ) above 100°K,(T , / p )deuteron i s almost temperature 
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F i g . 19. T^/p vs 1/T for protons and deuterons i n HD gas. Pj-i 
i s the p r o b a b i l i t y that an HD molecule i s i n the J=l state. 
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independent whereas (T^/p )proton i s very nearly proportional 

to 1/T. 

Interpretation 

Below 65°K only the J = 0 and J = 1 state of the 

molecule are appreciably populated. In the J = 0 state the in

tramolecular interactions are absent, hence the strong tem

perature dependence of i s due to the change i n population 

of the J = 1 state. Now we expect that 

T, T vT, IT 

so that below 65°K _L X £±=^ ^ . Therefore by 

multiplying the experimental values of T,/p by P one 

obtains ^ T ^ / p ) j _ ^ . The results are shown in F i g . 19 and 

indicate that (T^/p ) j _ j i s almost temperature independent. 

This i s i n sharp contrast with the temperature dependence 

of ( T , / p ) i n H 0 below 80° observed by Lipsicas and 
22 

Hartland. „ Here (T^/p ) ortho-para increases very sharply 

below 80°K o (Note that i n HD below 65°K, most of the mole

cules are i n the J = 0 state and the molecular c o l l i s i o n s 

are analogous to the ortho-para type c o l l i s i o n s in H^. The 

HD results should therefore be compared with the Hg results 

for low ortho concentration.) 

The very di f f e r e n t temperature dependencies of 

( T ^ / p )J-J in Hg and HD can possibly be explained by the fact 

that an additional i n t e r a c t i o n is present between HD molecules 

that is absent for Hg molecules. Reflection symmetry of the 

Hg molecule requires that terms having the symmetry of the 



F i g . 20. T 1^o vs 1/T for the protons in HD gas above 100°K. 
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odd order s p h e r i c a l harmonics Yg^ must be absent from the 

i n t e r m o l e c u l a r i n t e r a c t i o n s . Now, although the Hg and HD 

molecules are almost i d e n t i c a l i n s i z e and shape, the centre 

of mass of the HD molecule i s not c o i n c i d e n t with the geo

m e t r i c a l c e n t r e . T h i s destroys the r e f l e c t i o n symmetry of 

the molecule and a term of the form /m can be p r e s e n t . 

An i n t e r a c t i o n of the form Vitr> cannot induce 

changes i n mj without changing J ( A J = - 1), At low 

temperatures a change i n the J s t a t e i n v o l v e s a change i n 

energy g r e a t e r than kT (the energy d i f f e r e n c y between the 

J = 0 and J = 1 s t a t e of HD i n degrees K e l v i n i s 128 K), 

and one might expect that t r a n s i t i o n s induced by the Vim terms 

are very r a r e . However, a molecule i n the J = 1 s t a t e almost 

always c o l l i d e s with a molecule i n the J = 0 s t a t e . A r e s 

onant c o l l i s i o n process i s t h e r e f o r e p o s s i b l e where J goes 

from 1—T>0 and j ' goes from 0—>1. Except f o r the small 

Zeeman s p l i t t i n g of the J = 1 l e v e l , energy i s a u t o m a t i c a l l y 

conserved. The V/m term may t h e r e f o r e p l a y an important 

r o l e i n the process of molecular r e o r i e n t a t i o n . 

A more d i r e c t i n d i c a t i o n t h at an a d d i t i o n a l i n t e r 

a c t i o n i s present f o r HD molecules can be obtained by com

pa r i n g the c r o s s - s e c t i o n f o r changes i n J with k i n e t i c theory 

c r o s s - s e c t i o n s . A simple c a l c u l a t i o n shows t h a t f o r HD at 

80°K an average of about 8 hard sphere type c o l l i s i o n s occur 

between each change i n the J,m s t a t e of the molecule. T h i s 

i s to be compared with 25 —>300 hard sphere c o l l i s i o n s o c c u r -

in g per change i n the J,mT s t a t e of an Hp molecule at the 
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same temperature. The numbers 25 and 300 are appropriate for 

ortho-ortho, and ortho-para c o l l i s i o n s respectively. It i s 

evident that the interactions responsible for molecular re

orientation are quite d i f f e r e n t for the two molecules. The 

predictions of the Bloom-Oppenheim theory for Hg are there

fore not relevant to the HD molecule. 

The chief motivation for the study of T i n HD was 

that a value of Xj/z,. could be obtained from a measurement of 

T 1(D)/T 1(P). The value of T 1<D)/T 1(P) = T 2(D)/T 2(P) = 1.33 

obtained experimentally (with approximate l i m i t s of 1.22 and 

1.55),.together with the results of chapter II yiel d s ^ / z ^ 

= 1.07 with approximate l i m i t s of 0.9 and 1.18. This estab

lishes that there are probably no c o l l i s i o n a l selection rules 

for the J = 1 state of HD, and i n p a r t i c u l a r 7ff Jfv ^ .0.6 

as predicted for the J = 1 state of Hg. Unfortunately the 

Bloom-Oppenheim theory has not yet been applied to situations 

where J can change and a theoreti c a l value for %/V-j, i n HD i s 

not available at present. 

The high temperature dependence of T^/p for the pro

ton or deuteron is an extremely complicated phenomena to d i s 

cuss properly. At room temperature there are several J states 

appreciably populated but not enough that the sum S 

can be approximated by an i n t e g r a l ; this greatly hinders 

calculations. In addition, % and Y% i n general depend 

on both J and T, neither of which dependencies i s known. An 

added complication to the temperature dependence of the 
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is that the "composition" of the gas depends on temperature: 

an average must be performed over the various J states of the 

molecule with which the molecule of interest i s c o l l i d i n g . 

The net result of these various complications i s that i t is 

v i r t u a l l y impossible to extract either the J dependence or 

the T dependence of the from the experimental data. A 

f u l l discussion of the temperature dependence of "^/p 

awaits further theoretical r e s u l t s . 

For Hg Bloom and Oppenheim^ have predicted that 

^ o< J I ''•for high J . At s u f f i c i e n t l y high temperatures 
£• % 

this results i n T a a n d T> dependencies for the spin-rotational 

and dipolar parts of T^/p respectively. Note that in HD the 

proton T^ i s dominated by the spin rotational interaction, 

whereas for not too high temperatures the deuteron T-̂  i s 

dominated by the quadrupolar i n t e r a c t i o n . If the result for 

Hg were applied to HD then (T^/p ) p r o t o n would be propor

t i o n a l to T~i and ( T j / p ) ( j e u t e r o n proportional to T ~ i . 

On the other hand a strong c o l l i s i o n model predicts that 
( Tl/p >proton^ a n d <Vj°>deuteronoC T * T h e ^ s e r v e d 
dependencies do not agree with either of these r e s u l t s . 

If i t is assumed that HD can be treated by a 

"weak c o l l i s i o n " theory such as the Bloom-Oppenheim theory 

ie then the temperature dependence of c"> is expected to be 

7^ oi T at high temperatures. To result in the observed 

dependence of (T^/p ) p r o t o n o n T t n e t o t a l dependence of 

7£ would have to be ^ <=<• XJr for high J . It remains to be 

seen whether an interaction of the form / m w i l l produce 
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such a dependence on J . 

It should be noted that the saturation-polarization 

experiment described i n chapter II was actually carried out 

for several d i f f e r e n t temperatures. The maximum p o l a r i z a t i o n 

obtained was approximately 1.4 which does not agree with the 

value 3 predicted by equation (2.13) for 'V, - . Before the 

po l a r i z a t i o n experiment was attempted, i t was thought that the 

dipole-dipole i n t e r a c t i o n dominated the relaxation process and 

a large p o l a r i z a t i o n was expected. The experiment was quickly 

abandoned, however, when i t became apparent that the polar

i z a t i o n was small and that the cross-relaxation between the 

two nuclear species could be neglected. In view of the crude-

ness of the attempt to saturate the proton resonance i t i s not 

thought that the above mentioned disagreement i s s i g n i f i c a n t . 

4.3 Relaxation Measurements i n D 0 

Experimental Results: 

As expected, two relaxation times were observed i n 

D D gas, one associated with the ortho D molecules (J = 0,2, 

; S = 2), and the other associated with the para mole

cules (J = 1 , 3 , — S = 1). The ra t i o of the amplitudes of 

the two components was measured to be about 4.9 which agrees 

with the predicted value of 5 for normal given i n section 

2-1 of chapter I I . Signal/noise problems made i t d i f f i c u l t 

to measure this r a t i o accurately and values ranging from 4.0 

to 6.5 were obtained under various experimental conditions. 
S=2 

(T ) was measured as a function of pressure and 
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temperature i n the ranges 0 to 8 atmospheres and 32°K to 
o S—l 

330 K. (T^) was measured only i n the low temperature 

range 27°K to 60°K where the two relaxation times d i f f e r e d 

by a factor of 40 or mores because of the low signal/noise 

r a t i o i t was d i f f i c u l t to separate the S ~ 1 component from 

the rest of the signal ( i t comprised only 1/6 of the t o t a l 

signal) except when the two relaxation times were widely 

d i f f e r e n t . At low temperatures only a small f r a c t i o n of the 
S"2 

ortho molecules are i n states having J > 0 and ^T^) ^ i s 
S=l 

extremely long. Consequently (T ) can be measured by just 

ignoring the S = 2 component of the s i g n a l . 
S=2 o 

Except for the measurements on (T ) at 32 K, both 

relaxation times were found to vary l i n e a r l y with the density 

at a l l temperatures. The value of p was calculated from the 
25 

pressure and temperature using Eq. 4.14 of Wooley et a l . 

The results of p l o t t i n g T^ vs p at each temperature and then 

taking the slope are shown i n F i g . 21 for both relaxation 
o S~'2 

times. Below 100 K (T /p ) varies exponentially with 1/T S—l si—1 whereas (T^^d) ( T ^ / j p ) i s r e l a t i v e l y constant, going 
through a shallow minimum at T == 40°K. ^ T i / p ^ j ^ £ > obtained 

by multiplying (T^/^>) S~ 2 by p|, the p r o b a b i l i t y that an Ortho 

molecule i s i n the state J - 2, i s also shown i n F i g . 10* 

The temperature dependence of ( T 1 / )*ZA I s given approxi-

rriately by T ~ ° » 4 5 Or very nearly T J^. 

At 32°K, ( T 1 ) s ? 2 did riot have a l i n e a r dependence 
on the density arid this was attributed to wall relaxation 
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spin state of ortho Dg as measured i n normal Dg. P| * s t n e 

p r o b a b i l i t y that an ortho molecule i s i n the state 3-2. 
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e f f e c t s . The values of T measured were of the order of 80 

sec f o r p i n the region of 40 amagats: a simple c a l c u l a t i o n 

shows that at these densities a molecule takes only a few 

seconds to diffuse to the walls of the sample holder, i n d i 

cating that wall relaxation may be important. The value of 

( T , / p ) S = 2 at 32°K given i n F i g . 10 i s therefore only a lower 
1 ' J=2 

l i m i t on the true value of (Tj/jo)^"^. To obtain meaningful 

results below 40°K i t would be necessary to ensure that a l l 

surfaces i n contact with the gas were made of some substance 

i n e f f e c t i v e i n f l i p p i n g the nuclear spins. Teflon and Nylon 

are known to have this property. 

Interpretation 

With respect to intermolecular interactions and con

sequent time dependence of ~f for a molecule i n a gas, the Dg 

molecule i s e s s e n t i a l l y i d e n t i c a l to the Hg molecule in every 

respect but mass. Hence any detailed theory of relaxation 

should be able to correlate relaxation phenomena in the two 

molecules without any adjustable parameters. A comparison 

of the present results for Dg with the available data for Hg 

should therefore be f r u i t f u l i n establishing the correctness of 

any theory. With this i n mind we point out two s i g n i f i c a n t 

features of the experimental results for D^: 

i ) ( ^ / j 3 ^ " ! appears to go through a minimum at 40°K and 
6 O not at 80 K as does the analagous quantity i n H^. 

(Note that normal D is equivalent to a 33% ortho 67% 

para Hg mixture.) 
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i i ) ( T ^ / ^ o ) d o e s not have the same temperature depen-
S~ 1 

dence as (Tj/jP^j-i* a n (* * n p a r t i c u l a r does not go 
through a minimum. 

As yet the occurence of the T^/jo minimum for ortho-
22 

para c o l l i s i o n s i n Hg has not been f u l l y explained. However, 
we note that i f the position of the minimum i s governed by 

1, 22 
quantum mechanical d i f f r a c t i o n effects then the minimum 

in D 2 is shifted i n the right d i r e c t i o n by the right amount. 

The average de Broglie wavelength ^ of a molecule of mass M 

in a gas at temperature T i s given by 

One expects the onset of d i f f r a c t i o n effects to be governed 

by the r a t i o of A to the size of the molecule. For molecules 

that d i f f e r only i n mass, the temperature at which d i f f r a c t i o n 

effects become important i s therefore inversely proportional 

to the mass of the molecule. 

The fact that ( T ^ ) ^ 2 and ( T ^ ) ^ have d i f f e r e n t 

temperature dependencies seems to indicate that the i n t e r 

molecular interactions are s i g n i f i c a n t l y d i f f e r e n t for mole

cules of d i f f e r e n t J even for J ^ 1. In applying t h e i r theory 

to special cases Bloom and Oppenheim J and Bloom (private 

communication) have assumed the same form for the intermolec

ular i n t e r a c t i o n for a l l molecules with 3 ^ 1 . The absence 

of a minimum i n (T^/^OjLg suggests that at low temperatures 

at least, this assumption may be u n j u s t i f i e d . 



• 1 0 7 -

CHAPTER V 

SUGGESTIONS FOR FURTHER EXPERIMENTS 

At present the only method available for experimen

t a l l y determining the ra t i o f,/ziin H 9 gas i s to measure 

T, and T 0 i n the region XnXx ^ ! — . The measurements re-

ported in this thesis have established the rather wide l i m i t s 

on : 0 . 6 ^ ^ 1 . 0 . Since the only existing de

t a i l e d theory of relaxation i n H gas ^ predicts %jZTX 

- 0 . 6 for the J = 1 state of ortho hydrogen, i t is obviously 

worthwhile trying to improve the accuracy of the measurements. 

In p r i n c i p l e the accuracy of such measurements would be i n 

creased by using higher magnetic f i e l d s : the N.M.R. signal 

at a given density increases with H 0, and also the T^ mini

mum occurs at a higher density. However, these gains would 

probably be partly offset by the poorer noise figures of 

amplifiers above 3 0 Mc and also by the larger f i e l d inhomo-

geneities that would have to be tolerated. I t is doubtful, 

for example, that the same method of measuring T^ could be 

used at f i e l d s s i g n i f i c a n t l y higher than 7 kilogauss. It 

i s the author's guess that careful measurements of T̂  and 

Tg at 2 0 ° K for H q i n the 1 0 kilogauss range w i l l provide 

the most accurate values of X.(JX-^, A complete study would 

include measuring X, jXx as a function of temperature and also 

as a function of ortho-para concentration, although T ) / c^is 
not expected to depend on either of these vari a b l e s . It would 
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also be of interest to study %/'Ci. i n adulterated hydrogen 

in order to systematically check the d e t a i l s of the Bloom-

Oppenheim theory. 

Except for increasing the accuracy and extending 

the temperature range of the present measurements on HD, the 

experimental problem of relaxation in pure HD i s e s s e n t i a l l y 

complete. A study of the minimum for both nuclear species 

would be valuable as a check on the internal consistency of 

the theory, but i t i s not l i k e l y to provide any new i n f o r 

mation. The next obvious step i s to investigate relaxation 

in adulterated HD; a most interesting study would be to 

adulterate HD with pure para Hg (J = 0 , 2 , — ) and also pure 

ortho Dg(J = 0,2, ). These molecules d i f f e r only i n mass 

and at low temperatures most of the molecules are i n the 

sph e r i c a l l y symmetric J = 0 state. One of the main points 

of interest i n the study i s that c o l l i s i o n s involving resonant 

changes i n J should be suppressed. Adulteration of the HD 

with helium would also be of fundamental i n t e r e s t . 

The present relaxation measurements on Dg gas 

are of a preliminary nature. The f i r s t task of future 

studies would be to extend the temperature range of the 

measurements on T,/p for the S = 1 spin state of paradeuterium. 
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APPENDIX A 

CIRCUIT DETAILS OF PULSED SPECTROMETER 

and 

TEMPERATURE CONTROL UNIT 
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APPENDIX B 

THEORY OF BOXCAR INTEGRATOR  

Equivalent C i r c u i t 

F i g . lB.Ideal equivalent c i r c u i t 
of boxcar integrator, e^ i s the 
input voltage, E i s the output 
voltage. 0 

The ideal equivalent c i r c u i t of Fig.IB can be closely 

realized in practice. In the boxcar c i r c u i t used, a 4-diode 

gate having a back resistance o f ~ 10 ohms takes the place 

of the switch S and the output voltage E q is measured by a 

high impedance electrometer c i r c u i t (grid leak=:10~ 1 4 amperes). 

In addition, the integrating capacitors are high quality low 

leakage mylar types. The combined system i s l i n e a r to better 

than 1% and has a holding time of several minutes for C ̂ >.01 ̂ uf 

Operation 

At s p e c i f i e d i n t e r v a l s t n , the switch S i s closed for 

a time t ( c a l l e d the sampling time) and then reopened. A l -

though i n p r i n c i p l e the time between samples can be any value 

greater than t , i n practice this i n t e r v a l i s usually fixed, s 
so that t , - t = T. The boxcar integrator is closely 
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related to an ordinary phase sensitive detector; i n p a r t i c u l a r , 

i f T = 2 t g the boxcar i s equivalent to a phase sensitive de

tector (half-wave) operating at the frequency ^. It is the 

aim of this section to develop a theory of operation for 

t s « T . 

Theory 

At the outset the assumption t g « RC i s made;. This 

ensures that the boxcar performs as a true integrating device 

and corresponds to the condition that many samples are re

quired for the output to build up to a given input voltage. 

If i t i s necessary to have t ^.RC, (e.g. for very long T,*s) 

then the type of boxcar integrator discussed gives less than 

ideal performance. 

Now i f t « RC then the change in voltage across the 

capacitor during the n'th sample i s given by: 

tm. +ts 

•n+i 

where i s the voltage across the capacitor after the n'th 

sample. This result i s accurate to better than 1% for 

t s /RC ^ 1/5. The desired quantity E R i s thus given by the 

solution to the difference equation: 

(B.l) 
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where = -jjr J e L(t) dt 
tr>H+'k. 

"tn+i 
and r = ts « 1 

RC 

whose solution i s , * 

h-i 

S-o 

For r small ( l - r ) n ^ e " n r so that, (taking E Q = 0) 

En= r l £W>^ = r fa e ° 4 + 5 ^ c - " - + - - - ) 

(B .2) 

One should note that two d i s t i n c t averaging processes 

are taking place. The input wave form i s f i r s t averaged during 

the sample time t : e.(t)—>e . The e are then averaged r s I n n * 
according to the recipe given i n Eq . B 2 , the value of ^ being 

a measure of the effectiveness of this averaging processs. 

Now i t is sometimes impractical to have r = t c « 1 (e.g. for 
RC 

T very long). One i s then automatically committed to a cor

respondingly small gain in the signal to noise r a t i o from 

the second of the two averaging processes. However, the ac

companying impairment of the f i r s t type of averaging is 

•'•See Morse and Feshbach, "Methods of Theoretical Physics" 
(McGraw-Hill, 1953) Part I, p. 693. 



-121-

unnecessary and results from using a simple RC c i r c u i t to 

do both types of averaging. Under these conditions a true 

integrating device should be used, 

Eg.B2 gives a general solution for any e ^ t ) . Since 

the boxcar i s a li n e a r device during samples, the output re

sul t i n g from a noisy signal i s simply equal to the sum of 

the outputs for the signal and noise separately. We f i r s t 

investigate the response of the boxcar to a noise input. 

Response of Boxcar to Noise 

The output voltage i s constant between samples, 

hence the general appearance of the boxcar output i s as 

shown in F i g . 2B. 

^N- k — T — H 

Fig.2B. General appearance of boxcar output from noise input. 

The quantities of interest are: 

i ) the mean square value of the output voltage 

fluctuations E^, 

i i ) the frequency spectrum of these flu c t u a t i o n s . 

To get at these quantities we f i r s t calculate the function 

F T . From Eq. B.2 
n n+p 

E = r(e~ + e , e - r + e „ e ~ 2 r ) 
n n n-1 n-2 
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and E a r(e ^ + cr e~ r + e , 0 e " 2 r ) 
n+p n+p n+p_i n+p-2 

so that i f the average of v^e^, i s zero for n' , then 

= c ^ r - ( i ^ / j + e 2 r + e - , r 4 ] 

P" (since (e" ) i s independent of n) n 

= £HlliSnL ^£.(JzSe^ for r--iL«i 

c 2 - - r > r (B.3) 

e e i s zero for n ^ n' i f the correlation time characteriz-n n ' 
ing the input noise i s much shorter than T. This i s s a t i s f i e d 

for a l l cases of i n t e r e s t . 

Now the quantity ^ n ^ n + p i s very nearly equal to the 

cor r e l a t i o n function E(t)E(t+tr) evaluated at the time f =• pT 

(since r i s small the correlation changes very l i t t l e during 

a time T and the above is a good approximation). Therefore 

Q T closely approximates the reduced c o r r e l a t i o n function of 

E ( t ) . (The exact correlation function i s e a s i l y calculated 

but the above expression i s easier to work with.) Taking the 
—2" —-t-7* 

Fourier transform of e T ^ we obtain the spectral density 

of the output fluctuations J ( u J ) : 
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<=*o 

= 4 e„ T A -

( B . 4 ) 

The output fluctuations are therefore "white" up to frequen

cies of the order of ̂ . 
T 

We now calculate 

Since the results are independent of t we put = 0 to 

simplify the notation. Then 

= 2.^ct&-r)g(z) c t V 

where gCt) = e (t) e . ( t + t ) . 
y i l 

If the correlation function g(t) for the input noise 

is known then +-
E* = p^ps /0£-^9Cr)ar ( B.5a) 
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can be obtained exactly. In general, however, an exact 

form for g(Z) i s not available and for s i m p l i c i t y we make the 

assumption that "*< , the co r r e l a t i o n time for the noise, i s 

much shorter than t , the sampling time. This amounts to 
s 

assuming that the input noise i s "white" to well above the 

frequency ~ and i s a reasonable assumption for most experi
mental arrangements. (In the measurements reported i n this 

thesis the video bandwidth was about lMc whereas the shortest 

where Tc i s rather loosely defined as the time such that 

g(f) —->0 for If the corr e l a t i o n function i s expon-

e n t i a l then g(T) = e and the above r e l a t i o n i s exact. 

Note that i f the input noise derives from the thermal noise 

of some fixed resistance then the product TQ. i s indepen

dent of the bandwidth of any amplifier between this noise 

resistance and the boxcar input (again provided *cc« t g ) . 

In other words no improvement i n the ov e r a l l signal/noise 

r a t i o i s gained by narrow banding ahead of the boxcar i n t e 

grator. In practice, however, the bandwidth i s limited to 

a reasonable value to avoid overloading of any of the stages 

by excessive noise. 

sampling time was 10 jx sec.) With this assumption 

(B.5b) 

In the opposite l i m i t for t«t£,, then 
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Response of Boxcar to Input Signal 

We calculate the response of the boxcar to signals 

in order to s e t t l e two questions: 

i ) how much signal d i s t o r t i o n i s present, 

i i ) for given d i s t o r t i o n , when i s the optimum 

sampling time t for the best signal/noise r a t i o . 
s 

Now the expression for the output voltage E^, 

P*» (B.2) 

can be put i n the form 

Ect) =-£- 2-* Te T (putting t=nT) 
T-e=o,7;_-

which i s closely approximated by the integral 

(B . 6 ) 

provided e(t') varies slowly from sample to sample (the quan
t i t y e~ r^Y~ t •) i s necessarily slowly varying since r i s small). 

The quantity e(t') r e a l l y has meaning only for t' = 0,T, etc. 

We can take the function e(t') appearing in the integral to 

be the discontinuous function e(t' ) = e(nT) for nT£ t x< (n+l)T 

or we can take i t to be any function that goes smoothly through 

the points e(nT). To the extent that e(nT) varies i n small 

steps, the output w i l l also vary in small steps, and provided 
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we do not resolve this d e t a i l the results w i l l be independent 

of which form i s taken for e ( t ' ) . 

I t w i l l now be shown that the boxcar response E(t) 

is i d e n t i c a l with the response of a low-pass RC f i l t e r to the 

input e ( t ) . The output y(t) of any l i n e a r system to some i n 

put x(t) can be written i n the form: 

y(t) = J x(t)D(t-t')dt 

— © * » 

where D(t) i s the response of the system to a ^ - f u n c t i o n of 

unit area centered at t=o. (to see this substitute x(t) = 

c K t - t ) , t'' < t; whence y(t) = D(t-t) as required). We now 

compare this expression with the one for E(t) (B.6). 

Bearing i n mind that the response of an RC c i r c u i t (same 

configuration as in Fig.IB) to a unit tCfunction i s 

-ip. (2. , i t i s evident that E(t) as given by Eq.6 i s 

the response of such an RC c i r c u i t to the input voltage 

e(t) (e(t) = 0, t < 0 ) . The e f f e c t i v e time constant of this 

c i r c u i t i s given by RC = - = £ RC. 
r s 

R 
AA/\A—. o 

ECt) 
Fig.3B. Hypothetical 

low-pass f i l t e r 

D i s t o r t i o n 

There are two types of d i s t o r t i o n present. F i r s t 

of a l l there i s d i s t o r t i o n caused by the averaging process 
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during each sample, i . e . e ^ t ) — s y e.Xfc) dt . There i s further 
T 

d i s t o r t i o n when e^(t) i s passed through the hypothetical low-

pass f i l t e r having time constant RC = - RC. For the two special 
rttts s 

cases discussed l a t e r Ie^(t)dt has exactly the same functional 

form as e ^ ( t ) , and the f i r s t type of d i s t o r t i o n i s absent. In 

such cases the c r i t e r i o n for constant overal l d i s t o r t i o n i s 

obviously that 1*£ or the apparent response time of the system 

remain fi x e d . In maximizing the signal/noise r a t i o then, 
r = *s must remain constant, 

W 

Optimum Sampling Time t„ for Special Cases 

I Exponential Decay (Ae , repeated at regular int e r v a l s ) 

F i g . 4B. Input Waveform 

The position of the boxcar sampling gate is indicated by the 

elevated portion of the input waveform i n Fig.aB. 

a) Gate position fixed, A time dependent 

Obviously the best position to start the sample gate 

i s at the beginning of each decay. Then e\ for sample length 

t i s given by s 
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5 '-^/e^Ji' = -AjL(,-e*) 

and we can therefore take 

From (B.6) 

E(t) = jfe-feW efrUi' = ^-e%)jd&f*M 

As mentioned before, when calculating the optimum sampling 

time t , RC i s kept fixed so that F(t) i s independent of t . s s 
Hence the output signal depends on t through the factor 

s 

I — <£ ̂  , since T and f are also f i x e d . Now from (B . 5 b ) 

t » T C i s /r c \ r > \ the rms output noise voltage for 

JL 

= (j^*y x ^ erms^npu t ' T n e o u t P u t signal/noise ratio i s 
therefore proportional to I - £ ~Z~ for X fixed. 
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l - e " x 

A plot of the function — 1 S given i n F i g . 5B where 
x^ 

x = . It is seen that the sampling time i s not c r i t i c a l , 

and i n fact the signal/noise r a t i o i s almost constant for 1.0 

^ ^s <^1.5. Note that the dependence of S/N for very small 
~ T 

t i s incorrect since the assumption t « T c breaks down. In s s 
the region where t » T c then the rins, . output noise i s given 

s 
by j£ (e ). which i s independent of t (keep i n mind 
* N2 rms input s r 

that RC i s being adjusted so that r = l s i s constant). In 
RT 

addition, for small t the signal output i s also independent 
s of t ( t _ « T ) . Therefore S/N does not go to zero with t s s s 

but to a f i n i t e value that i s roughly /xgV* down from the maximum 

value of S/N. 

The d i s t o r t i o n produced by passing e^(t) through the 

hypothetical low pass f i l t e r i s of course e n t i r e l y dependent on 

the form of A ( t ) . In the experiments A(t) was exponential, rep

resenting the recovery of as the int e r v a l between the 180° 

and 90° R.F. pulses ( i n a Tj measurement) was swept l i n e a r l y 

i n time. Putting A(t) = A 0 e ^ ^ (where cX. i s determined by 

the rate at which the pulse separation i s varied) we get 

To get at oC T , the quantity of intere s t , e-pp must be 
i separated from e — , In practice one usually chooses RC 
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R C « T. and then just waits for e ~ to die out before 
RC 

taking measurements on the output waveform. The actual value 
/ V / V 

of RC chosen depends on the output signal/noise r a t i o . In 

general the best value for i s obtained when the errors 

due to d i s t o r t i o n and the errors due to noise are about 

equal. For example, i t is advantageous to use a large RC 

when the output i s very noisy: T.̂  cannot be obtained very 

accurately anyway. 

Note that the above considerations are based on the 

assumption that the input noise i s white. I f , for instance, 

there i s interference present at the input i n the form of 

widely spaced spikes, then lower values of RC should be 

used. Otherwise the output i s slow to recover from the eff e c t 

of a spike being sampled. If RC i s small, then on the output 

trace the spike can be e a s i l y recognized as interference, and 
ignored accordingly. 

a) A time independent, sample position swept  
l i n e a r l y i n time 

The input to the boxcar i s the same as that i n case 

a) for A(t) exponential: the S/N and d i s t o r t i o n are the same 

as above. 

II Exponentially Damped Sine Wave (sin(c*>t) e f , repeated 
at regular int e r v a l s ) k t' >l 

Fig.6B.Input Waveform 



-131-

The boxcar sample position, shown by the elevated 

portion of the waveform i s swept slowly through the waveform 

(see Fig.6B). for a sample beginning at time t' i s given 

by: 

-r to*c cos coCJL +• ts)y J 

r iL 

e^ therefore has the same functional dependence as e^d) 

except for a s h i f t i n phase, and the f i r s t type of d i s t o r t i o n 

is again absent. To simplify the rest of the analysis the 

assumption U)»-l r is now made; that i s , there are many 

o s c i l l a t i o n s before the waveform envelope decays to - of i t s 
e 

i n i t i a l value. It i s evident that because of the o s c i l l a t o r y 

nature of the waveform the optimum sampling time w i l l be less 

than a f u l l period of the sine wave. This j u s t i f i e s the 

further assumption that t <£< T . We then have 
s 

-il 
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It has already been shown that for t >•>"&. the rms noise out-
s 

put i s proportional to i . The output signal/noise ratio i s 
zs 

therefore proportional to 

Sin X is plotted i n Fig.7B. The maximum S/N r a t i o i s obtained 

for X = idds = 1.2 or t f C:0.4 L where TM = 2^L 

Note that here also S/N does not go to zero for very small 

t„ but to a small but f i n i t e value (see section I ) , s 
We now calculate the effect of passing e^(t) through 

our hypothetical low pass f i l t e r . Since the sample position 

i s swept l i n e a r l y with time we can put t' = st where t i s 

the actual time and t' i s the i n t e r v a l between the start of 

each waveform and the sample gate. 

Hence 

(#) 

and therefore, putting 21 t ' , S U) = u / t we get 
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which can be written i n the form: 

r * - t 1 

where <̂  depends on ̂  , U) , f ' a n d RC. The quantities U)', and 

f ' are the frequency and damping time constant respectively 

of the output waveform (neglecting d i s t o r t i o n e f f e c t s ) . 

We have already calculated the optimum value of t 

for constant o v e r a l l d i s t o r t i o n (constant'RC). We now calcu

late the optimum value of RC assuming t has been chosen. Now 

i f the term e ZL sinS' were absent from the expression for 
RC 

E(t) there would be no d i s t o r t i o n of the input waveform. If 

we neglect this term then a simple c a l c u l a t i o n shows that the 

signal/noise r a t i o has a broad maximum at RC =• J-j, ( r e c a l l 

that the assumption U>'»-.has been made). Going back and 

including the unwanted transient we see that for KC = i y 

this transient w i l l have e s s e n t i a l l y died out after one period 

of the sine wave. The c a l c u l a t i o n i s therefore consistent. 

Note that for RC = the S/N r a t i o has only dropped to0.7 

of the maximum value. Here the unwanted transient could be 

completely ignored after ^ of a cycle of the sine wave. 
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The results of section II can be b r i e f l y stated: 

a) the optimum sampling time i s t =0.4 where 

^uj - 211 ( uJ i s the frequency characterizing 

the input waveform) 

b) the optimum value of RC = | RC i s given by RC = yjj/ 
, s 

(where u) i s the frequency characterizing the out
put waveform). In practice chose "RC Jir H> 7̂ -7 by 
increasing RC u n t i l the i n i t i a l part of the out
put waveform i s attenuated to 0.9 of the value for 
small RC. Ignore the f i r s t cycle of the output. 
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