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ABSTRACT W. ft- f^/ i KK o *5 S 

The first part of this investigation is concerned with 
-3 

the dynamics of the optical polarization process in He gas 

subjected to an electrical discharge. The characteristic 

time for the build-up of polarization under the influence of 

pumping radiation is measured as a function of pressure and 

temperature, as is the polarization decay time when the pump¬ 

ing radiation is removed. These times, together with the 

measured values of attainable polarization, allow a test of 

the phenomenological theory customarily used in describing 

optical pumping dynamics in helium. The gross disagreement 

obtained between theory and experiment is attributed in part 

to the over-simplified model employed in development of the 

theory. The theory is therefore extended and modified on 

the basis of a more realistic model and account is taken of 

the effects of P-state mixing and of reabsorption of radiation 

in optically thick samples. The agreement of experiment with 

theory is thereby substantially improved, though sane unex¬ 

plained discrepancies remain. 

If the exciting electrical discharge required for optical 

pumping is turned off, the characteristic decay time for the 

polarization is greatly increased. Decay times are measured 

under these conditions at both room temperature and liquid 

nitrogen temperature. A single measurement at 4.2° K estab¬ 

lished an upper limit on the decay time at that temperature. 



Under the conditions of this experiment it can be shown 

that T is determined by wall relaxation. The observed tem- r 
perature dependence is Interpreted in terms of a phenomeno¬ 

logical model for wall relaxation, and various microscopic 

models for the relaxation mechanism are investigated. 
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, INTRODUCTION 

The Atomic Physics Group at Rice University has been 

interested in the dynamics of the optical pumping process 
o 4 

in both HeJ and He gases for some time . It was felt that a 

study of the dynamics of the optical pumping process as a 

function of pressure and temperature would contribute to our 

understanding. This thesis describes experimental and theo¬ 

retical studies of some of the dynamical quantities that 
3 

characterize the optical pumping process in He gas. 

The thesis is divided into four main parts and a series 

of appendices. 
3 

Section I discusses the optical pumping process in He , 
the experimental apparatus and measurement technique. 

Section II is devoted to a discussion of the measured 

relationships between the attainable polarization PQ and the 

time constants T and T which characterize respectively the 
P d 

build up and decay of the nuclear polarization under the con¬ 

dition of a constant metastable state population sus¬ 

tained by electrical discharge excitation of the sample. 

Since the measured values of T . T. and P were found to be p* d o 
in disagreement with an accepted phenomenological theory* an 

improved theory is developed. 

Section III is devoted to a discussion of the decay 

time T^ of the nuclear polarization with no metastable state 

population (i.e.* with the electrical discharge turned off). 

Observed relaxation times at 30(fKand 77° Kane attributed to 



2 

Interactions of the He^ nuclear spins with the container 

walls. A phenomenological theory, appropriate for such wall 

relaxation processes, is developed and several particular 

mechanisms are considered. 

Section IV is a summary of the experimental and 

theoretical results. 

Details of the mathematical description of optical pum- 
■a 

ping dynamics in He are presented in appendices. 
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SECTION I 

The principles of optical pumping in mercury, alkali 

vapors and helium are adequately treated in the literature. 
3 * The theory in the case of He will be reviewed here. HeJ 

is a special case since it is the nuclear magnetic moments 
1) 

of the ground state atom that ultimately become polarized 
3 

He gas at a few Torr is contained in a glass bulb 

and placed in a uniform magnetic field. Figure 1 shows the 

pertinent energy levels with their Zeeman sub-level structure. 
3 

Transitions between the 2 levels, populated in steady 

state by a weak electrical discharge, and the 1^S0 ground 

state levels are doubly forbidden by the quantum mechanical 
O 

selection rules. The 2Js state is therefore metastable and 

its lifetime of about 10“^ sec is determined by non-radiative 

collisions1 processes. 

Circularly polarized resonance radiation is incident 
3 

upon the He sample along the magnetic field axis. This 

radiation induces transitions between the 2^s^ levels and 

the 2^p levels with the selection rule A m = +1 
o 

( A m = -1 holds for light polarized in the opposite sense). 
3 v 

The 2 p state has a radiative lifetime of about 10“' sec; o 
thus an optically excited atom In that state radiates back 

to the 23s level in a time short compared to the metastable . 

lifetime. However the selection rule for spontaneous dipole 

emission is A L = 1, A m = - 1 or 0. Thus, the result of an 
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excitation and re-emission back to the 2^s^ levels is to 

change the relative populations of the 2-'s Zeeman levels. 

If there were no processes tending to equalize the popula¬ 

tions of the 2^s^ sub-levels (metastable relaxation pro¬ 

cesses), the populations of the absorbing sub-levels of the 

2JS^ state would become zero. There are, however, many 

types of relaxation processes, to be discussed later, which 

tend to equalize the metastable level populations. Thus, the 

equilibrium optical pumping process can be thought as a 

dynamical balance with the resonance radiation adding angular 

momentum to the metastable atoms and the relaxation processes 

taking it away. 
•3 

The unique feature of the He level system is that the 
O 

nucleus has a spin of 1/2 and thus the ground state HeJ atom 

has two Zeeman sub-levels. By considering ground state 

a tom “metastable state atom collisions involving excitation 
2) 

transfer it has been shown that such collisions can result 

in what would appear as a ground state nuclear spin flip 

with a" corresponding change in the metastable magnetic quan¬ 

tum number. The cross section for this process has been 

studied and the results show that this exchange process Is 

the overwhelmingly dominant interaction of a metastable atom 

during its lifetime. Through this Interaction any change of 

the me ta stable level populations is immediately transferred 

to the ground state level populations and the ground state 

atoms become polarized. 



5. 
Under the experimental condition of this work, the 

metastable state density is about lO^/cm^ and the ground 

state density is about lO^/em^. An analogy is that of a 

huge flywheel (ground state atoms) attached to a weak motor 

(resonance radiation plus 2Js and 2°PQ levels) with small 

frictional losses (relaxation processes tending to equalize 

the ground state and metastable state populations). It must 

be remembered that the thermal equilibrium value of the 

ground state polarization is very nearly zero. Thus, when 

the resonant pumping light is turned on, the ground state 

nuclear polarization will begin to build up with a character- 

istic pumping time T and will eventually reach an equilibrium 
P 

value. If the light is turned off, the polarization will de¬ 

cay back to its thermal equilibrium value with a character¬ 

istic decay time T^. Monitoring the nuclear polarization as 

a function of time yields infomation concerning the dynamics 

of such a process. 

The periodic measurement of the nuclear polarization was 

achieved with a nuclear magnetic resonance spectrometer. 

Figure 2 is a block diagram of the spectrometer. A coil was 

wrapped around the sample so that a weak R.F. magnetic field 

could be applied. With the coil excitation frequency fixed, 

the resonance condition was swept through by slowly changing 

the external magnetic field. Due to the high homogeneity of 

the magnetic field and motional narrowing of the He^ N.M.R. 
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line it was necessary to keep the sweep rate very low in 

order to avoid ringing effects^). For the lowest pressure 

at room temperature, this condition was not quite realized. 

A low R.F. level was used so that a small measureable amount 

of the signal was destroyed on each N.M.R. pass and the 

data were appropriately corrected1*). Figure 3 shows a few 

typical signals. The signal to noise ratio was typically in 

the range of 8 or 10 to 1. 

Figure 4 depicts the experimental apparatus which is 

essentially the same as that discussed by Colegrove, Schearer 

and Walters'^. The only difference is a dewar has been in¬ 

cluded so the sample could be cooled to liquid nitrogen tem¬ 

perature . All the data were taken with the complete apparatus 

as shown so that the optics would be unchanged between 77° K 

and 300° K. (The change in the optics due to filling of the 

dewar with nitrogen was small.) The nitrogen was supercooled 

to stop bubbling during the times of measurement. A second 

dewar was added and one attempt to run at helium temperatures 

was made but no precise measurements could be taken. The 

photo-detection system used would function only at room 

temperatures. 

The method of maintaining a constant metastable density 

in the bulb was to sustain a weak electrical discharge in the 

bulb. Two electrodes were placed on the outside of the bulb 

and the discharge was excited by a 250 KH oscillator for most 
z 
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7. 
experiments. Some times 50 MH excitation was used for z 
purposes of comparison but, in general, it gave much smaller 

signals. The level of excitation was such as to produce the 

weakest possible self-sustaining discharge, since this con¬ 

dition results in maximum attainable polarization. 

The pumping light was obtained by exciting a bright 

discharge in a lamp containing He\ An analysis of the optical 

spectraof He^ shows that the g transition in 
4 

He occurs at a frequency which is very nearly equal to the 
o 

average of the two frequencies of the 2JS^ - 2JPo transition 

in He^. The spectral line in He^ is rather broad and the 
•5 

assumption is made that both of the He transitions are 

illuminated equally. 

The ground state polarization was measured using an 
1) 

optical technique discussed elsewhere . The results were 

checked by comparing the N.MoR. signals of the He with the 

signal obtained from a sample of water of the same size. For 

purposes of comparison the R.F. frequency, voltage, receiver 

gain and the magnetic field sweep rate were kept constant 

with only the magnetic field being changed in obtaining 

signals from He^ and water. Under these conditions the 

polarization of the He^ sample is; 

_ 1.32 n R' PT 
n,R 



8. 

where R ** response of water sample (area under resonance 

curve) 
3 

n » number of active protons/cm = 2 x number of water 
3 

molecules/cm 

R1 = response of He^ sample (area under resonance 

curve) 

n* = number of HeJ atoms/cm3 

PT « thermal polarization of water sample 
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SECTION II 

An experimental study of the build up and decay of 

the nuclear polarization under controlled conditions was 

made. Table I shows the measured values of T , T, and P^ for p d o 
the two temperatures and three pressures at which data were 

taken. These (quantities are defined as: 

T - the characteristic time for the build up or 
P 

growth of the nuclear polarisation 

T - the characteristic time for the decay of the 
d 

nuclear polarization 

PQ - the attainable polarization 

For each temperature and sample pressure, the three quantities 

were measured under the condition of a constant metastable 

density. 

The percentage of pumping light absorbed at zero polar¬ 

ization was also measured at room temperature and is recorded 

in Table I. The percentage of light absorbed in directly 

related to the metastable density^). The percentage absorption 

data for the different sample pressures varies by about a 

factor of two at room temperaturej from visual observation of 

the discharge in the bulb, it is probably true that approxi¬ 

mately the same variation occurred at 77** . Since the meta¬ 

stable density varied from one sample to another, no precise 

comparison between sets of data is possible. 
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The data show two important qualitative results; 

1) For a given pressure, the attainable polarization in¬ 

creases when going from 30(f K to 77° K and the fractional 

change of the attainable polarization increases with in¬ 

creasing pressure. For the pressure range studied, this 

trend is in qualitative agreement with measurements reported 
4) 

by Gamblin and Carver . 
TD 2) For a given pressure, the ratio ^ increases when going 

d 
from 30(?K to 77° K and decreases with increasing pressure 

for both temperatures. Figures 5 and 6 are included only to 

indicate the above trends and are not to be taken as precise 

pressure-temperature dependences. The trend indicated in 
T 

Figure 6 along with the measured values of „J2L and ?n are in 
T ^ 

gross disagreement with a phenomenological theory proposed by 

C ole grove, Schearer and Walters’*’ In view of this disagree¬ 

ment, their theory will be discussed briefly before an im¬ 

proved phenomenological treatment is presented. 

Old Theory. The theory of Cole grove, Schearer and 

Walters’*’^ was proposed to circumvent the practical problem 

of solving the eight coupled first order non-linear rate 

equations that describe the six metastable level populations 

coupled to the resonant radiation and to the two ground state 

level populations. The six metastable Zeeman sub-levels are 

replaced by a pseudo two-level system. The result is a set 

of four coupled non-linear equations involving the four 
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populations N+* N-, n+, n-. (See Figure.) If the definitions 

of polarizations "23s " -I 
-n+ 

-n- 

are made as follows 

N+-N_ 
P = ground state polarization 1 s

0 — 
-N+ 

-N- 

P = “ 
n+-n= 

n++n_ 
metastable polarization 

with N+ + N_ = N constant total number of ground state atoms 

n++n= = n constant total number of "metastable" atoms 

Then the four coupled non-linear equations can be written as 

two coupled linear equations in P and p. 

1) ©LE - -f°-P __ JL 
~ T» TU 

2) d± - - p 
"£> -r*. 

The rate constants as defined in their paper ares 

- the time that would characterize the approach to 
P 

equilibrium in the optical pumping process if no 

other mechanism acted to mix metastable atoms 

among their available magnetic sub-levels. 

2T r = the metastable spin-lattice relaxation time 
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‘C g, Tg are the order of the times of existence of 

metastable and ground state at cans respectively, 

before undergoing an exchange process. 

= the ground state nuclear magnetic relaxation 

time which would result from processes not in¬ 

volving interactions with metastables. 

It is also pointed out that nT « N 2T . 
2 2 

Then the solution for the steady state ground state polariza 

tion is 

~iy 

(Tr + TO 

They further point out that at ordinary temperatures (valid 

at both 77° K and 3QQPK) ^ *£> and and from 

experiment « T . Using these inequalities and their re¬ 

sults for the ground state pumping time T and decay time T 
P d 

(T and T. refer to conditon of a constant metastable density), 
p a 

an approximate solution for PQ in terms of Tp and Td can be 

obtained 
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I 
TP - "TV (^?^+r^P+r^p 4 _L 

% 

— L _^.^V __L , I 
“ Te (2v+^v) rw Ty. 

tv +J_ ^ ix , _L 
TvTy. X " N Tr Tr 

'P . r. 

Ta ] 

But _L _ JL _i _[__ 
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+ Xt 
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4 ■— n 

J -L 
TP 73 

IE 
3) P0 = l-Td 

Fran equation (3) the disagreement between this theory 

and the experimental results is apparent. Using the measured 
T 

values of 4 , the theory predicts very high polarizations 
d T where small polarizations were measured, and when —E changes 

Td 
the theory predicts changes in PQ that are exactly opposite 

to those observed. Despite the large errors in the data it 

is clear that an improved phenomenological treatment is needed. 

New Theory. As before, this theory attempts to circum¬ 

vent the problem of solving the eight coupled non-linear rate 

TP 

Tf T3 
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equations. To do this, the experimentally justifiable approx! 

mation Is made that *2T is much shorter than any other relaxa- 
2 

tion or pumping time. This means the coupling between the 

me ta stable a tans and the ground state atoms is much stronger 

than the coupling of the metastable atoms to the pumping light 

or the lattice and much stronger than the coupling of the 

ground state to the lattice. (Actually this assumption was 

1) 
used in the paper of Cole grove, Sc hearer and Walters ' when 

theyderived their relationship between the optical signal and 

the ground state polarization.) Under this assumption it can 

7) 
be shown' ' the population of the metastable Zeeman levels 

is solely determined by the ground state polarization. Thus 

it might be expected the effects of the light on the meta¬ 

stable atoms and the effects of all the relaxation processes 

could be written in terms of the ground state polarization. 

The "New Theory" assumes this point of view and results in an 

equation for the time rate of ctenge of P as a function of P. 

The net effect of the resonant radiation is to add 

angular momentum in the z direction (direction of magnetic 

field) to the system of ground state and me ta stable state 

atoms. For every "quantity" of light absorbed by the sample 

there is a change A F*(P) in the z component of the total 
z 

angular momentum FZ(P) of the system; because of the tight 

coupling approximation AF and F can be written as functions 
z z 

of the polarization p of the ground state a tons . Then 
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is the change in I? during the time A t due cp z 
to the absorption of light. '2Tp(P) is the rate at Which 

"quantities" of light are absorbed and is written as a 

function of P because this rate depends on the populations 

of the absorbing levels. 

The radiation emitted upon spontaneous decay of the P~ 

states can be re-absorbed. This effect can be incorporated 

in the rate equation for P by introducing a parameter 3, 

which is the fraction of emitted radiation which is 

re-absorbed. The change Af^(P) due to light re- 

adsorbed in the time interval A t can be calculated since 

the polarization properties of the re-emitted light are known. 

In the context of this thesis a "quantity" of light is 

defined as that amount of light which, when absorbed by the 

metastable atoms, gives a total change in the metastable popu¬ 

lation of 1, i.e. A n = 1 when one "quantity" of light is 

absorbed, n is the sum of the six metastable Zeeman level 

populations. This definition is merely a device introduced 

to keep track of the absorption statistics. With this 

definition; 

'Z'p(P) = number of photons adsorbed/sec 

Relaxation processes simultaneously remove angular 

momentum from the system. This may be accounted for by saying 
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tUt ~ AtR 
v* 

and 
-At Ffe 

are the changes in F 

due to metastable and ground state relaxation processes res¬ 

pectively during the time A t. 

Then for the total change in F_ we have 
Z 

At A t At 

But . /ytr - ~ A't 

The re fore; 

The remaining task is to compute F (P), 2T_(P) and the 
z p 

various ^ F (P)'s. The effects of p-state mixing can be z 
included by computing the appropriate 0, A F (P) and AF (P) 

z z 
for the case under consideration. P-state mixing arises 

because the P-state lifetime is approximately 10“^ secj thus 

above about 1 Torr at room temperature, P-state atoms undergo 

collisions with ground state atoms which lead to equalization 

of the sub-levels of the 2^p states. Such a situation is 
o,l,2 

reasonable since at room temperatures the angular momentum 

o 
involved in such a collision is around lO'fi's at 1A. The 
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degree of P-state mixing for a given pressure-temperature 

condition Is difficult to calculate; therefore, only the two 

cases of no-mixing (NM) and complete-mixing (CM) will be 

considered here. Mixing effects are important in calculating 

P because 23p ** 2^s light is adsorbed much more effective- 

3 1,2 1 3 o 
ly by the 2 s. metastables than is 2 p -*» 2~>s light. 

1 o 1 
The details of computing the quantities needed are in 

Appendix I and only the results appropriate for small polar¬ 

izations are given be lows 

No Mixing 

J— .. ii £ j. , _L 
Td - ? N Ty + Tr 

riNh)' zf (4+ 

p = r0 

( | — Tfrtw*) \ 
^ 17 ) 

4 (/+ &%&) 
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Complete Mixing 

^PCc*) JLJL± 
2 N VY 

-f _Jj  
3N^ 

J 1LX-L + —L 
~ * N 2Tr Tr 

I 

Tffcrt 

R - 

V) 

3* ^ r. 

i 0- 3S=0 
^ (it* 

 5^ 

?AI ^p° 
TpC^) 

?P° = VP=O) 

Figure 7 is a comparison of the measured values of P 
o 

and the values predicted by the new theory from the measured 

values of T and T, with 0 equal to zero. It is seen that 
p d 

the major improvement in the theory is the factors of 1/4 

and 2/9 appearing in the expression for PQ. The old theory 

would predict values of P of at least four times larger than 
o 

those indicated in the figure. If the pumping light was 

5Q$ resonance radiation (this is a conservative estimate ), 

0 (NM) ». 0.04 and 3 (CM) « 0.29, the result would be about a 

effect. This would help fit the 3.6 Torr data, but the 

new theory would miss the 10 Torr data by a considerable 
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margin. The new theory also predicts incorrect pressure 

and temperature trends. 

The new theory Is apparently In need of further exten¬ 

sion and modification. The tight-coupling approximation has 

been experimently proven valid and Its use should not be the 

problem. Due to admixing of the P states into the S states, 

the relative transition probabilities used are not actually 

correct but the magnitude of this effect is, In general, of 

the order of IQ#^). Dr<( jo A. Jordan, Jr. of the Rice 

University Physics Department has pointed out, via private 

communication, the 2^p spontaneous emission line in 

the sample could be expected to be considerably narrower 

than the corresponding stimulated line In the high pressure 

lamp. This would mean $ has been underestimated and if the 

proper value of g was determined further agreement between 

experiment and theory could be expected. A further possible 

correction could be that the cases of no-mixing and complete- 

mixing do not accurately describe the experimental conditions, 

particularly at the lower pressures. 

Another difference between the theories is in the ex¬ 

pressions for “ ; 
Td 

1 n 1 
Old Theory2 m = M 7* + T 

d cr d 

11 n 1_ . 1_ 
3 N r + T 

r r 
New Theory; 
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For some time there has been discussion as to 

whether or not T, is determined by metastable relaxation 
d 

processes (*£ ) or by ground state relaxation processes (T^), 

The difference between the theories is only a factor of 

ii but it is known that --n and “■ are of the same order of 
3 N 7* T 0 4) cv r 

magnitude 'and the distinction between these two types of 

relaxation mechanisms is difficult to deteimine . Part of 

this difficulty may be arising because the phenomenological 

rate constant £ (introduced into both theories in the same 
r 

way) has not been properly related to the experimentally 

measured values of *£ . As is the case for any phenomenon 
r 

logical description of a physical process, one must be very 

careful that the defined parameters have a direct relation¬ 

ship to the experimentally measured parameters and in this 

case further theoretical work is needed. 
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SECTION III 

The time T is the characteristic time for the decay 
r 3 

of the nuclear polarization of the He gas in the absence 

of an exciting discharge; i.e. no ions, electrons, or ex¬ 

cited states present. In this experiment T represents the r 
aggregate or resultant relaxation times for the entire 

sample. The question of interest is whether or not the 

measured values of T can be attributed to any one particular 
r 

relaxation process. The intrinsic or bulk relaxation time, 

due to the dipole-dipole coupling of the nuclear moments 

during atomic collisions in the gas, can be shown to be of 

the order of 30 years*, while the measured times are of the 

order of hours. Under the conditions of this experiment, 
6) 

relaxation due to magnetic field gradients can be neglected 

T is thus determined by processes involving the interaction 
r 

of the nuclear moments with the pyrex walls of the sample 

container. 

Table II indicates the experimental values of T^ along 

with the pressure-temperature conditions of the measurements. 

The technique of measurement was periodically to observe 

the N.M.R. response of the sample as the optically-induced 

nuclear polarization decayed. 

* Appendix II 
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The data indicate T becomes longer as the temperature 
r 

is reduced from 30Cf K to 77°K. This is in qualitative agree- 

ment with the measurements of R. L. Gamblin and T. B. 

CarVer^. The relatively short upper limit on Tp at 4.2° K 

is consistent with the measured values of from a few to 100 
8) 

secs reported by K. Luszczynski e^t, aJL. Such a temperature 

behavior implies a maximum in T somewhere between 4.2° K and 
r 

300°K with the further implication that there are at least 

two qualitatively different relaxation processes involved. 

The pressure dependence indicated by the data may not 

be significant. The samples were contained in separate bulbs 

and the surface conditions from one bulb to the next could 

be quite different. 

The difficulty in discussing the mechanisms which deter- 

mine T becomes evident when the previously published data 
r o 4 are reviewed. Measured values range from 28 secs to 2 x 10 

secs at room temperature. Over the moderate pressure- 

temperature range of this experiment a variation of nearly 

an order of magnitude is apparent.Some of this variation 

must be attributed to different wall conditions and any 

useful theory must encompass such variations. 

The usual conception of a wall is a hard reflecting 

surface. If it is assumed every time an a ton} strikes the 

wall there is a probability jf that the nuclear spin is 

flipped, then the relaxation time for the nuclear polariza- 
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tion can be written as: 

“ = 2J S 
r 

Av where S = ^ is the number of times per sec 
4 that an atom strikes the wall. 

A is the surface area of the bulb, v" is the average thermal 

velocity of the atoms in the gas and V is the volume of the 

bulb. 

An order of magnitude estimate of t can be achieved 
E 2 

by setting ^ = (“^ t^) , where E^ is the energy of inter¬ 

action of the nuclear dipole with the wall, t^ is the time 

duration of the interaction and fa is Planck's constant 

divided by 2TT. 

The existence of paramagnetic centers on the surface of 

glass is frequently proposed as a relaxation mechanism. If 

it is assumed the entire surface of the glass is covered by 

paramagnetic centers, then: —^ sc — and £>• as 4= s 
A ry 3 

L1 
'b is the gyrcmagnetic ratio of the He nucleus, u is the 

e 
Bohr Magneton and r is the "distance" of closest approach o 

o of the Hg atom. liking r as lA, T is found to be approxi- 

4 mately o x 10 secs. Despite the crudeness of this approxima¬ 

tion, the conclusion must be that a reflecting wall, even if 

it is completely covered with paramagnetic centers, will not 

explain the data of this experiment. 



A second proposed mechanism presumes the existence 

of high electric fields near the glass surface. The motion 

of the nuclear dipoles through these fields will result in 

relaxation of the nuclear polarization. Again, if it is 

assumed that the glass surface is completely covered with 

electric dipoles of strength rQe, where rQ is taken as l£ 

and e is the electronic charge, the magnetic field seen by 

an atom with average thermal velocity upon colliding with 

the wall can be computed. The relaxation time* computed 

in several orders of magnitude longer than the time computed 

by considering the paramagnetic centers. Thus one must con¬ 

clude that a reflecting surface completely covered with 

electronic dipoles will not explain the data of this 

experiment. 

Although both the above considerations were approximate, 

they show that the concept of a reflecting surface is errone¬ 

ous. It is well known that helium diffuses through glass at 

a relatively high rate and this would suggest the surface 

which glass presents to helium would not be reflective in the 

sense of a mirror reflecting light. Furthermore, helium is 

known to adsorb onto glass surfaces with an adsorption energy 

of about 0.01 e.v. and to stick to the surface for a time 
E 

t where t obeys the relation's t = t° e ^ t° is s s s s s 

* Appendix II 
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10“9 to 10”1® secs and E Is the adsorption energy. Since 

kT at roan temperature is about 0.CE5 e.v., a more reasonable 

conception of the surface which glass presents to helium 

might be "a not too sticky porous fly-paper". Possibly the 

concept of a surface should be abandoned altogether and the 

glass might be thought of as a labyrinth of potential holes 

and Jii 11s with the "average" properties being the only impor¬ 

tant parameters in a macroscopic description. Such parameters 

would include the adsorption energy, the sticking time, the 

diffusion coefficient and others. 

To abandon the idea of a reflecting wall, it will be 

assumed that a fraction of the gas atoms stick to the walls 

for a time tg, interact with the walls in such a way as to 

cause spin relaxation and then exchange with the atoms in 

the gas. 

Making the following definitions? 

n + n +n_ is the number of atoms adsorbed on the walls 
with n+ and n- being the number of adsorbed 
a tans with their magnetic quantum numbers 
equal to +1/2 and -1/2 respectively. 

n -n_ 
p = " is the polarization of the adsorbed atoms. 

N = N++N_ is the number of atoms in the gas with N+ 
and N. being the number of gas atoms witft 
their magnetic quantum numbers equal to 
+1/2 and -1/2 respectively. 

N+-N_ 
P ■ u is the polarization of the gas atoms. 



is the characteristic relaxation time for the 
polarization of the adsorbed atoms. 
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t is the sticking time of the adsorbed atoms 
s 

K is the probability that an atom striking the 
"wall" is adsorbed. 

Assuming the special density of the particles is in 

equilibrium, the rate at which the adsorbed atoms leave the 

walls is equal to the rate at which the gas atoms are ad¬ 

sorbed. This exchange rate is 

With the above assumptions and definitions, the four rate 

equations for N+, N=, n+ and n= may be writtens 

t 
n i KNAv 

S = w A = surface area of bulb 

V = volume of bulb 

v = average thermal velocity 
of gas a tans in bulb 

H- / J^r 
dt ' N K\_ 

A)- JA- \ 

hJ Y'- / 
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Using the definitions of polarization* these equations 

may be rewritten ass 

& 
d 

A. 
(-f-p) 

Except for the rate constants* these equations are the 

same as the equations developed by Colegrove* Schearer and 

Walters which describe their two level model of the optical 

pumping process. This description of the wall is very similar 

^ 10) to that of Korringa* See vers and Torre y in their paper on 

spin pumping at electron spin resonance centers. 

Assuming solutions of the forms p = e -Xt 

« j. „ 

p = 3 e~K and assuming that — << 1* which implies that P 

polarization of the sample* the two values ©f X can be shown 

to be approxima telys 

1 1 n 1 
T + + N tg 

n I 
N ctT+rT 

It can be seen that x2 
ls always much smaller than X^ * and 

thus the rate constant ^ 2 
W1H govern the observed relaxation, 

Thus 1= 
T. 

n 
N (ts +r) 

n 
for ~ <X 1 

N 
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In order to relate the results of this phenomenological 

theory to the experimental results further assumptions about 

the adsorbed atoms and the character of the surface must be 

made . Assuming there is an attractive potential well of 

depth approximately equal to 0.01 e .v. extending from the 

inside surface of the wall for a distance , then Classical 

Statistical Mechanics would require the ratio of the densities 
E 

of the atoms in the Well to those in the bulb is e^*" . Then 

with the assumption that it is this group of high density 

atoms which should be considered as adsorbed,, the expression 

for T can be rewritten as follows; 
r 

e 
i ©I A e. 4- bulb - 

_ voluw-e. of bt»l» 

As before the nuclear polarization relaxation time for 

the adsorbed atoms due to paramagnetic centers in the glass 

can be shown to be; 5 ; where ^ is the probabili 

ty of a nuclear spin-flip per encounter of an atom with a 

paramagnetic center and S is the number of encounters per 

atom per second. Roughly speaking J- ) where E^ is 

the energy of interaction during the encounter and t^ is 

the time of duration of the interaction. The calculation of 
E * 

is the same as the case of the reflecting wall with 

paramagnetic centers. The remaining questions are; 

T, " *V“ (ts+-2r) 
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1) What should be taken as the duration time of the inter- 

action? 2) What should be taken as the number of inter¬ 

actions per atom per second? 

If it is assumed that the duration time of the: inter¬ 

action is t and the number of interactions per atom per 
s 

second is .JL 3 where r is the range of the paramagnetic 
d° s 

(1A) field and dQ is the range of the attractive potential* 

then •— becomes s 
oTpar 

_L ~ _J_ 
Zpo.^ X Sec 

Q is the "fraction of 
the surface covered by 
paramagnetic centers 

At first glance it would appear these two assumptions 

are not compatible with the proposed concept of the wall. So 

far all that has been said about the wall is there is a poten¬ 

tial well of depth E and range dQ extending into the bulb 

from the wall. Such a picture of the potential would not 

imply that the adsorbed atoms (the atoms In the potential 

well) would stay In any particular position relative to the 

surface. These two assumptions can be made compatible with 

a picture of a wall If it Is assumed the potential the ad¬ 

sorbed atoms see is not a uniform spherical shell but rather 

local regions of attraction that are more or less unconnected. 

The range d of these regions would have to be of the order 
o 

of the range* r* of the paramagnetic center field. This con¬ 

cept of the wall is consistent with that of an adsorbed par- 



tially complete mono-layer of He atoms ©n the glass surface. 

For the case of a mono-layers 

i 

^ r ^ jr ,Q 
j is the same as before. o - 7yts ~ -gj d0 ±: 

provided r « dQ « if and this was the net assumption about 

the range of d . It can easily be seen that *£>> t and 
o s 

Tr becomes 

T _ HV _ JZ C* ** 
• ^ Vu “ A 0>H Q 

As a check on the validity of this approach^ the pub¬ 

lished results of P. Corrnz^^ will be analyzed. Cornaz has 

reported measurements of T of about 30 seconds in pyrex bulbs 
r 

at room temperature. He proposed that the relaxation time 

was detemined by bulk paramagnetic centers in his glass con¬ 

tainer which contained Q.5$ FepQ „ (Such large densities of 
d 3 

paramagnetic centers are generally not to be expected in the 

pyrex sample containers used in the work reported here.) 

Using this 0.5$ as a volume percent,, Q is about 0.03., In his 

experiment ss 2 . Using the above expression for T . 
v r 

the result is approximately 17 secs. 

The absolute agreement between Cornaz"s data and theory 

must be taken as fortuitouss but the agreement seems to jus¬ 

tify the picture of an adsorbed partially complete mono-layer 



•a 
of HeJ on the walls which is relaxed by interactions with 

paramagnetic centers in the glass. These adsorbed atoms 

then exchange with the a tons in the gas resulting in the 

relaxation of the nuclear polarization of the sample. 

Prom the resulting expression for T , due to paramag- 
r 

netic centers, it can be seen T decreases as the temperature 
r 

is decreased. The data of this experiment indicate the 

opposite and thus it must be concluded that, as far as this 

experiment is concerned, another relaxation mechanism is 

involved at room temperature. 

A second proposed relaxation mechanism not involving 

reflections at the wall is due to the exchange of the atoms 

in the gas and those dissolved in the glass. By comparing 

Fick's law of diffusion and the permeation velocity rela- 
12 ) tion the rate at which the atoms in the glass exchange 

with those in the gas can be computed. Assuming the atoms 

leaving the glass are completely relaxed, the relaxation time 

for the nuclear polarization of the gas atoms can be computed 

The result is s 

e..v. 
S' |< I" “ 

% ~ 2.a x(o *x. e 

x is the diffusion jump distance occurring 

in Pick's law of diffusion (cm). 

* Appendix II 
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**7 If Ax is chosen, to be 6.8 s 10 cm, a rathe? good 

fit to the room temperature data can be tiade. At 77°K the 

relaxation time due to diffusion has become over 15 orders 

of magnitude longer. Although this temperature dependence is 

in the right direction, one must conclude the relaxation time 

at 77°K is the result of another process. Adsorption onto the 

walls coupled with paramagnetic center relaxation could ex- 

plain the 77°K data and would have the proper temperature 

dependence of becoming negligible at roan temperature. 

' 4 For paramagnetic relaxation to explain the 77°K data, 

the density of paramagnetic centers in the glass would have 

to be of the order of 4 x lO^/em^, which is a reasonable 

number. This may be enough to see with an e.p.r. spectrome- 

ter, but not all paramagnetic atoms exhibit a detectable 

electron resonance. It is unsatisfactory to say that the 

relaxation mechanism at 77°K is due to a process that cannot 

otherwise be measured and, indeed, further investigation is 

required o 



33. 
SECTION 17 

The experimental results indicate the attainable 

polarization P falls off as the pressure is Increased and 
o 

increases when the temperature is reduced from 30Cf K to 

77° K. An attempt to explain this behavior on the basis of 

secondary absorption of the pumping light and mixing among p 

states prior to de-excitation was partially successful. 

Both these effects have the proper pressure-temperature 

trends but they appeared to be too small to account for the 

observed variations. One must conclude that either these 

effects have been Improperly taken into account and (or) 
* 

there are other effects involved. 

Somewhat better success was realized in accounting for 

the temperature behavior of the relaxation time T . Plausible 
r 

explanations appear to be that at room temperature the relaxa¬ 

tion time is determined by diffusion ©f the helium into the 

glass where it is relaxed. At nitrogen temperatures and 

below adsorption of the helium onto the glass coupled with 

paramagnetic centers in the glass could be the determining 

factor. 

\ 

Appendix III 
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APPENDIX I 

In Section II the arguments leading up to the equation 

for the rate of change of the. ground state polarization P 

as a function of P are given. The resulting equation is; 

l 
/S i 

"Tp 

P is the z component of the total angular momentum z 

for the entire system consisting of the metastahle 

and ground state atorns. 

F™, F® are the z components of the angular momentum 

of the metastable and ground state atoms respectively. 

•sr- is the rate at which quantities of optical pumping c P 
light are adsorbed. 

. 1 
A F is the change in F resulting from the optical pro- 
z z 

cess when one quantity of pumping light is adsorbed. 

2 
A F is the change in F resulting from the adsorption z z 

of one quantity of unpolarized radiation emitted 

during the transitions of the P-states back to the 

raetastable S-states. 

All the above quantities are functions of P 
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In the context of this thesis* one quantity of light 

is that amount of light which* when adsorbed by the meta- 

stable atoms* changes the sum of the metastable level occu¬ 

pation numbers by one. 

3   3 
0 is the fraction of the 2 p 2 s re-emitted 

O* J.*£- i 

light that is adsorbed. 

£V and T are the times that would characterize the 
r 

approach to equilibrium of the metastable and 

ground state populations if there were no coupling 

between the me ta stable and ground state a tons. 

^ p is a function of the populations of the absorbing 

metastable sub-levels. Designating the populations of the 

metastable and ground state levels as shown in Fig. 8 and 

using the appropriate relative transition probabilities 

indicated in Table III* 'C can be written as 
P 

I _ 2 'O B “t ft E,- -t 2 ft p  1_ 

_L 
■7'° is the rate at which quantities of pumping light 
° f* 

are adsorbed when P = 0. 

Frequent use will be made of the following relations 

derived in Reference 1)s 



2 ft* 

-M. 
a ft* 

3 
2 

ftc 

I 
a ht> 

-J. 
s fte 

-J. 
a hp 

N+ 

N- 

Pigure 8 
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YU - v\0 

YU — he 

YU 

hF 

*o+?)Ni-p) 
2 (.3 + p*; 

YV (UP)(I~P)^ 

2 C3 + P8) 

YV( \ -<• ?y 
2 CS+P*> 
h(l-p)i 

a(?+p4) 

N+= -^O+p) 

fU = 4(l-P> 

T K e A. ' 

F 
9 

■? 

+ne.'-v\p)+-^ (hc-bp) 

-HN.-W-U IP 

n Pln + p8) 
? (*+ p\) 

\p(^+ ~ ^ SIKCe Ni» Yu 

_L _ s(i-!>)_* __L 
*? ~ CiTFj <rp° 

The computation ©f the various AF 's is carried out by z 
considering the changes in the populations of the me testable 

levels when one quantity of light is afosorbed by the meta~ 

stables and re-emitted by the P-states. The absorption of 

light can occur for any amount of P-state mixing but only the 

two cases of no P-state mixing (NM) and complete P-state 
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mixing (CM) will be considered. 

The appropriate sets of relative transition proba¬ 

bilities are shown in Table III. The transition probabilities 

in Table III are derived from the complete set shown in Table 

17 by normalizing the absorption or emission under considera¬ 

tion to one quantity ..of light. 

For any particular "process” under considerations 

2 *v\,- = 0 
i* A 

Note that a "process" has two partss The absorption of 

one quantity of light by the metastables with the subsequent 

emission of one quantity of light by the P-states. 

Computation of F1 for Pumping Light 
z 

AF* - Y AVI&) -v 4 A/1P) 

F 
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Complete Mixing; 
ccappccBPcfcwgBttCMWBaBBaaMBaBPi^aiigii.aMBqBijji JOBO 

***- ili^o + + -I 
AVI

8“ i [('“*+ + £ A6 + I AFJ 

rtf^B+i-we ^fe^p] 

* v'° = ■+ fc AE +i^p] 

*
WB X r[|w» +(“«+i>e +f/ip] 

T [’!’ + i* He+(~3 + ^ )vipj 

AF*(CM) = 
y (5 + pa) 

3 
2 S. Light 

No Mixing; 

A\A# =■ 7FC [—££ A # *■ 4 AB +-3Ac. «+ 4 A& ■+$■ AE + £>AIF} 

4 nB = ih L ^ - 3.2.AB *t 6nt + rwo + 4H6 + ?HF] 

A \Ac = ^ [ 2 V + * % -I0ne +^Ho *$Vle + 0] 

Aho - ii*[ +5T/1B •+ 6K\c -22HI>H-MM6+3MPJ 

* W6 = T?a[ S*AA •+ WJIB + 3Vlc + 4AP -22Ae 4t>HF] 

^~ I6S L ^ ^ ^Ag + O ■+■ 3IA^ + 6i0g "“iSlOpJ 

-2 - 2 A P 
AF?CWM)= $(3+p*) 
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Computation of 
2 3 

_F for Unpolarlzed 2 p — 23S Light 

Complete Mixing 

4YI* =. [-SYU + WB + V\c. +rto +Kle. +/IF] 

r -rVle + Ac *+ Wi> +V)E + V\F] 

A = ?T l ft# + Y'B “ Slftc. + RD 1 'Af + VlpJ 

Aflo-Vtl hrt + Vl® + lAc. —SYU+ftt-thfj 

**&=*£ [ MA + l^B + ^C.'H K|ft-yKlB+nF] 

* % =■ *rt ^K> + VlB +Mc + nD + k|g - 57tF] 

A(%\CK) = ~WP 0l+pl 
'it (.31* f>*) 

If the relative probability of absorption of a quantity 
3 3 of 2~>Po*-^2 s light is f, then the relative probability of 

1 3 3 absorption of a quantity of 2 p 2 s light is s 
p As2 1 

1 o 8 
f = §1 , 

9 

Therefore; p (CM) ^ 0 (M) 
9 

All the quantities of interest have been evaluated as 
ap 

functions of'Pand* for the two cases* the equation for 

can be assembled. Neither equation will be a linear 

differential equation and this does not pose a formal 
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problem. However, the polarizations attained in this experi- 

ment are small and it will be convenient to expand the 

equations to first order in P so that characteristic rate 

constants can be defined. To say that P builds up or decays 

with a characteristic time will have meaning only for small 

polarizations. The results of the expansion for the two 

cases are ; 

Defining 



m. 

The T and T 's as defined are the measured decay and 
P 

pumping times respectively. 

The steady state solutions becomes 

P0<
N*) 

y> Tp(frM) 

3N ^p° 
ja ) 

3 / 

p6 (.<*) =. 
n Tp(.c») 

3 /V Vp* 



42 

APPENDIX II 

Relaxation due to dipole-dipole coupling during atomic 

collisions in gas 

*r ~ —Zs. 
'r ~ 23 sec 

Tc Tfd*nrU sec - time between atomic collisions 
in gas 

-8 
d ~ 10 cm - atomic diameter 

v ^ 2 x 10^ cm/sec - average thermal velocity 
at 30CfK 

N 17 ^ 10 atoms/cnr *» at 3 Torr 

i* (¥ ‘) - probability of spin flip during 
atomic collisions 

% " zd* -/ULO - Iarraor frequency during collision 

V « axio juvss-s&c. _ He nuclear gyromagnetic ratio, 

f - ± C > - 
AT time duration of collision 

dx7r 
tr rHXbi 

q 
X. I O sec 30 yrs. 
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Relaxation due to reflective collisions with a wall completely 

covered with paramagnetic centers 

"L ~ 236 

^ 4R sec - rate at which each atom strikes wall 

R * 2 .54 cm 

Kir*/ 
- radius of spherical sample 

probability of spin flip during 
a tom-wall collision 

- Iannor frequency during collision 

- Bohr Magneton 

, _£L_ 
*•» % - time duration of collision 

T.* ¥ 
2?. atH

 'V* 
3 S' x 10 sec, 

Relaxation due to reflective collisions with a wall completely 

covered with electric dipoles 

(S - same as above) 

- same as above ) 

<? -at X electric field due to electric . 
dipole of strength qd at distance <a • 
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q = 4.8 x 10 ^ statecoulomb - electron charge 

Tr ~ 
2* 

X$X 'V' 
O 10 s e.c. 

Relaxatlon by the Process of Diffusion 

By comparing Fick's law of diffusion and the permeation 
12 ) 

velocity relation , the rate at which the atoms in the glass 

exchange with the atoms in the gas can be computed. Assuming 

the atoms leaving the glass are completely relaxed, the re¬ 

laxation time for the nuclear polarization of the gas atoms 

can be computeds 

Fick’s laws 
-1—1 8. i G 

J-- z TSc 4- (.*>' s cH 

At* M <5 

$e.e - C-I^A 

A x is the diffusion jump distance, (cm) 

f is the jump frequency, (l/sec) 
3 

C is the concentration of atoms in the glass, (a toms /cm ) 

d is the thickness of the glass membrane, (cm) 

Permeation relations J KA p 
d 

K is permeation coefficient (atoms) (cm thickness ) 
(sec )(cm*area )(Pres . mm HgJ 

P is pressure difference (ram Hg) 

The number of atoms leaving the glass iss 

I - -jT 6X 5 CUio) = 
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The population rate equations for the gas atoms are 

--AT (---) ‘ 
Tt ’ >7T- *) A 

Then : 
d ? “4S p 

K) r 

surface area 
of bulb 

The re fore AT _ A K A P 
N hr &x- 

~ Q 
K = K0 e kT 

Ko ~ l> 3 XI c 
ft 

Q =. 0*Z78 <2..v. 

M o. Y/O 'V"*^Pi*iv»vv>Hjv) "\/"- i/o L t>ku e. 

TV - 3.* *»o 4- ——££■ ^ v A X sec 

A 
-y- ^ /r i vvi ew**t 

T^* ~ 2,1. XIO 
^iH§ 

KT ^x e. sec. 



APPENDIX III 

Correction 

This appendix has been added in order to correct an 

algebraic error that was discovered just prior to the printing 

of this thesis. The error is in the complete-mixing expres¬ 

sions appearing on pages 18, 40 and 41. The factor ^ p (CM) 

should be changed to p (CM). The statement that the effects 

of re-absorption in the complete mixing case are 10$ type 

effects (page 18) should be changed to 4Q$ type effects. 

Then if, as pointed out by Dr. J. A. Jordan, Jr., 3 were 

properly determined (not underestimated as in this thesis), 

the agreement between experiment and theory at the higher 

pressures, where the complete mixing results would apply, 

could be rather close. 
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