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OPTICAL PUMPING IN ATOMIC LEAD 

Berken Chang 

Lawrence Radiation Laboratory 
University 'of California 

Berkeley) California 

August 28) 1967 

ABSTRACT 

2 2? 
The optical orientation of the nucleus in the 6s 6p ~PO ground 

state of lead-207 is attempted. Light sources with differing ratios 

·of h;yperfine intensities are evaluated to determine their contribution. 

'~ese- sources) in particular a pre ssure- shifted-hyperfine-absorption 

filter and a self-reversed lead-208 lamp) are studied spectroscopically 

and then used for pumping. Optical pumping rate equations are used to 

estimate the signal to noise as a function of R) the ratio of the 

hyperfine intensities and k) the mixing parameter. 

Radioisotope lead lamps are also developed for use in future 

pumping of lead-205 or -203. 

A detection system is developed which has sufficient sensitivity 

to detect a signal when the relaxation time is greater than 10 msec. 

No signal is seen in cells without a buffer gas) with 10 torr of He 

buffer) and.with 100 torr He buffer. 

The shortness of the deduced relaxatio'n time for an unbuffered 
I 

cell is partially explained by the length of the cell wall adsorption 

time of a lead atom. The shortness of the relaxation time when usiilg 

a helium buffer is surprising and suggests .that the ground state of 

Pb may not be spherical.ly symmetric on buffer gas collisions. 
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I. INTRODUCTION 

The present experiment, the optical pumping of atomic lead) is 

important for two reasons. First, the optical pumping' of a J = 0 

ground state yields a direct measurement of the nuclear magnetic 

moment of the particular isotope of lead. Second, the pumping of a 

P ground state, which has never before been done, will yield new 

information of relaxation in ground states possessing a nonzero 

angu_lar momentum. 

The measurement of spins and moments of nuclei of new isotopes 

will make available further data on nuclear structure factors which 

will further our understanding of the nucleus. It is hoped that just 
". . . 
as the measurement of a very great number of atomic lines in atomic 

spectroscopy stimulated, almost forcefully, the development of the 

quantum mechanics, perhaps similar effort in the study of nuclear 

structure factors may stimulate the theory of nuclear structure. 

In this field of measurement, studies have been made on 11 isotopes 

of gold (Z = 79), 13 isotopes of mercury (Z = 80), 12 isotopes of 

thallium (Z = 81), 11 isotopes of bismuth (Z ::: 83), and 9 isotopes 

of polonium (Z = 84); but only the three stable isotopes of lead have 

been studied (lead-206, -207: and -208) ,,(Ref. Fc64 and GR66). Of 

these only one (lead-207) is an odd isotope possessing a nuclear 

1 moment. Thus in nuclides studied there is an important gap around 

the doubly magic lead-208 (126+82). 

The reason that the.other lead isotopes (205, 203, 201, etc.) 

have riot been studied is neither conventional nuclear magnetic reso-

nance nor the method of atomic beams lend themselves readily to lead 
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radioisotopes. Conventional nuclear magnetic resonance requires a 
, ,~., - ~ , , . , ' 

large nuniber, of lead atoms (> 10 ) because the population differences 

bet'vee'n Zeeman sublevels must depend on Boltzman processes. Atomic 

beam techniques:, which have been most successful with small quantities 

of radioisotopes,: musti isolate a beam of atoms in one atomic sublevel', 

by the interaction, of' themagnetic' moment of the atom vli th an inhomo-
, . 

'gene~~s magnetic field. ,The purely nuclear magnetic moment of a J ="0 ' 

atomic state causes the' sUblevels to be more than 1000 times harder to 

, isola te. '., Optical pumping experiments on the other hand have been performed 

to measure the nuclear moment of J = 0 
2 ' 12' 

ground state s on small (10 .' 

15 . 
to 10 ) numbers of atoms. This technique uses circular polarized light, 

rather than Boltzman processes to attain population differences and 

uses light rather than direct isolation to monitor these differences' 

in population. 
, 

The difficulties in using the optical pumping technique lie in 

having sufficient:, intensity of circularly polarized iight to create a 

measurable popu~ation difference before competing relaxation processes 

destroy this difference. The spherical symmetry of a J =0 ground 

state predicts weak relaxation processes; a test of this furthers the 

understanding of atomic collisions. Furthermore, if an atom with a 

, J = 0 ground state ,can have a long enough relaxation time to be 

optically pumped, this will widen application of optical pumping as 

a technique for the study of nuclear parameters .. The immediate step 

would be to apply this to other atoms in the 3Po (p2) configuration--

Sn, Ge, Si, and C. 

\1 

:'i 
~ , 

, I 
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Except fora few radio lead lamps which.were built for Pb205 

studies earlY,in the experiment, this experiment is primarily concerned 

with the spin 1/2)Pb~07. 
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,II. CONSIDERATIONS FOR THE OPTICAL PUMPING OF LEAD 
, , 

In thi s se'ctio'n a short description of" the" <luali tati ve method of 

the eXpE!riIDEmt will b~ follbwedby a more detailed consideration of 

the pr6bi~mswhich must be considered in ,the optical pumping of lead. 

Many of the reasops behind the design of the apparatus in Sec. III and 

the direction of ,the signal search treated in Sec.' IV will be given in 

-this :following section. Some aspects of the problem, such as the 

,signal-to-noise;emissionelectron $tatistics of photomultiplier tubes, 

the transmission bf filters're<luired, and specific light sources chosen 

"will' be treated with each set of runs in Sec s. III and IV, where the 

logic motivating the direction taken is associated with experimental 

observations. 

After the historical practice of Bro,ssel and Kastler, the term 

"orientation" rath~r,than "polarization" is used to distinguish nuclear 

orientation from light polarization. 

A. Qualitative Aspects of the Pumping Process 

Wh~n the nuclea~ spin :(1 = 1/2) of lead-207 is coupled to the 

322 ' ' 
electronic states of'a.tomic lead (see Fig. 1), the Po(6s 6p ) ground 

state' now becomes an F = I = 1/2 state. It will be Zeeman split by 

a magnetic field'into two levels--~ = ± 1/2 which correspond to the 

'nuclear spin parallel or antiparallel to the direction of the splitting 

field. If one of these levels is preferentially populated at the 

'expense of the' other, orientation will have, been achieved., Once a cell 

containing a dilute vapor of lead atoms has been oriented in the above 

nonthermal manner, it will exhibit a change in absorption of circularly 

, , , 
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.3 0 

P, ----~--~_-_-__ ~~~ __ 

XBL 678- 4772 

Fig. 1. Ene~gy level diagram fo~ Ph. 
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polarized 2833 R resonance light compared with the same system in 

thermal equilibrium. 

This change in absorption of circularly polarized light can then 

be used to monitor the effect of an oscillating radiofrequency magnetic \.1 

field Hl in a direction perpendicular to the splitting field. If the 

frequency of this mixing. field Hl is the Larmor precession frequency 

ill = - YH , ·transi tions will be induced between the two m... levels o 0 .1" 

causing a change of the above absorption. A measurement of the split-

ting field H and the frequency of the mixing field (.l) combine to yield o 0 

a direct measurement of the magnetic moment of the nucleus, gI~I. 

The energy separation., 

transforms·to 

where 

and 

And in the 'above case where J = 0 

ill = g (3H ; o I 0 

(II-l) 

(II-2) 

in this representation, (3 is the Bohr magneton, and gI is melectron/mproton 

smaller than gJ. gI(3 is o·ften measured in nuclear magnetons. Transition. 
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probabilities between the magnetic Zeeman sublevels have been calculated 

by Rabi for nuclear spin one-half) and by Majorana for higher spins. 

Tnemagnetic transition will be treated later in Sec. lID. 

For a quantitative understanding of the pumping and orientation 

process) it will be necessary to derive the rate equations using the 

proper transition probabilities. This will be done in the next section 

and the expressions for the time constants of the competing processes 

will be derived. First let us complete this section with a word 

description of the pumping process neglecting complication) the 

3p~(6s26p7s)) (F = 3/2) excited hyperfine level and the metastable 

states. 

Let right circular polarized resonance. light (2833 ~) illuminate 

the cell of lead vapor exciting transitions from the 3p to the o 
. 3p~(6p7S)) F = 1/2 hyperfine sublevel of the excited state. liJhen the 

+ light is right circularly polarized (cr )} a selection rule ~ = + 1 

is imposed. And only atoms in the ~ = - 1/2 sublevel of the ground 

state can absorb the cr+ photons by going to the ~ = + 1/2 sublevel 

of the excited state. On decay) one third of the excited atoms emit 

~ radiation [decaying to the m
F 

= + 1/2 ground state sublevel (gssl)] 

while the remaining two-thirds return to the = - gssl they 

came from. Now the ~ = ± 1/2 ground state Zeeman sublevels are 

~quaily populated. (The Boltzman difference in population of the two 

SUblevels) separated by a few kilocycles) is sufficiently small that 

the sublevels may be considered equally populated under conditions of 

thermal equilibrium.) Thus there has occurred a transfer of atoms 

populating the ~ = - 1/2 sublevel to the ~ = + 1/2 sublevel 
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creating a population inversion in the ground state sublevels and 

hence an orientation of the lead vapor in the'resonance cell. As 

this process continues in the absence of disorientation processes, 

all of the atoms :would eventually be pumped into the ~ = + ~/2 

sublevel. 

Possible disorientation mechanisms could be: collisions between, 

oriented atoms ~ith otl1er.'atoms in the cell, collisions with the walls, 

or condensation of.orit::mted lead atoms on the walls. Such mechanisms 

compete with the pumping process since their direction tends to restore 

thermal equilibrium~ 

'As the vapor in, the resonance cell is opti,cally pumped, the ,absorbing 

~. Zeeman sublevel become,s depopulated,' and, the cell becomes more trans-

+, 
parent to the ~'(J resonance light. This can be detected by observing 

either "the increase in light transmitted through the cell or the 

decrease in scattered light reradiated from the cell. The former gives 

a small signal on a large background and the latter a small signal on 

a small background. In the terminology of atomic beams, these are, 

" 1 " ' " . " ' fop-out, and flop-ln measurements. "Flop-in" measurements are 

usUally considered by beamists to be more sensitive than "flop:'out" 

measUrements. 

B. Derivation of the Rate Equations 

Let the pumping cell be illuminated by right circularly polarized 

"light of intensity II and 12 in units of photons per second (see Fig. 2). 

The II and 12 de si,gna te light e:xc i ting ground state atoms to the 3p~ 
" 

(F = 1/2) and 3pO (F = 3/2) respectively. Of the atoms ,,'hich are 
I , ' 

excited to,the 3p~ state, a fraction k will return directly to ,the 3Po 

", t, 
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F = Y.2. 

F= y~ 

XBL 678-4768 

Fig. 2. Diagramof the two components of hyperfine radiation, 11 and 

I 2, exciting the F = 1/2 ground state into the F = 3/2, 1/2 

hyperfine levels of the excited state. 
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Using the relative transition probabilities of Fig. 3, neglecting the 

radial integral, the number of atoms excited from the ~ = + 1/2 

level of. the ground state (i.e., out of the n+ population) into the 

F = 3/2, ~ ~ + 3/2 state is 

where the factor of 3 comes from the relative transition probability. 

The number from the ~. = - 1/2 level of the ground state (i.e., out 

of the n population) .excited into theF= 3/2, mF = 1/2 of the 

excited 3pO is 
1 

And the numbe r from the ~ = - 1/2 ground state subleve 1 (i. e ., out 

of the n population) into the F = 1/2, ~ = 1/2 ·is 

If only a'fraction k decay directly while the remaining fraction· 1 - k 

decay through the metastables--or anyway in which all memory of angular 

momentum is lost5 and the gssl's are populated equally--then the: decay 

can be diagrammed as in Fig. 4. ) Decaying back into the .~ = + 1/2 

ground state sublevel is: 

.: 
+ kNl + (l-k)N + ~ kN 

213 2 

And decaying back into the ~ = - 1/2 ground state sublevel is: 

To write an expression for the change in the number of atoms in each 

of the two sublevels of the ground state, it must be noted that the 
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-}'::t. 

M --1./ F - ':t. 

XBL 678-4769 

Fig. 3. Re la ti ve transition probabili tie s between the Zeeman 

hyPerfine levels of Pb207 (I = 1/2). 
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Nl atoms were depleted from the m = + 
F 1/2 sublevel, and the N2 and 

N3 atoms vlere depleted from the m
F 

= .., 1/2 sublevel. Furthermore, 

when there is ~n excess of atoms (n -+ n/2) in the + 1/2 sublevel 

over the equilibrium value n/2, where n = n + n , the system will 
+ -

tend to return to its equilibrium value with a characteristic time T. 

Hence the rate equations become: 

= (n - n/2) l: - N + kN + (l-k)N 
+ T 1 1 2 1 

+ ~ kN + (l-k)N + l: kN + (l-k)N 
320 2 23

0 
3 2 3 

(11-3a) 

dn 
dt = - (n_ o 

n/2) -Tl - N - N + ( 1-k) N 00 + l: kN 
3 2 213 2 

+ (l-k)N + ~ kN + (l-k)N 
2 2 3

0
3 2 3 

(II-3b) 

Sometimes the term describing the characteristic relaxation between the 

hro Zeeman sublevels of the ground state is written as 0 

This is related to the expression in (II-3) by 

(11-4 ) 

after substituting the value s for Nl , N
2

, and N3 Eq. (11-3ab) become s: 

= (n 0 1 k 11k 2 - n+) - + (-----) 3n A + n A (- + 7) + n_A_(l 
T 2 + + - + 2 0 

( 11-5a) 

dn n 11k k 1 k 1) 
-- = (- 0 - n ) - + 3n A (- .,. -) - n A (7 + -) + 2n A (7 - -

dt 2 - T + + 2 2 - + 0 2 - - 0 2 
(II-5b) 

as a check, it is seen that 



-16-

The transient solution to this equation will be a function with some 

exponential with a characteristic time constant, T. 

liT = (;ljT) + (liT) p (11-6) 

where T is a t!pumping time" which will be discussed later (Ref. C62, 
p 

p. 440). In the present case, the experiment is to sweep a magnetic 

field slowly through resonance; therefore the steady state relations 

derived by setting Doth 
: 

dn 
=- = 0 dt 

gives for the fraction of atoms in the upper gssl: 

the expression: 

V 
e l: + 2A 

T + 

. V = 

+ A ) + ~(5A - A ) - . 3 + -

+ A - ~(4A + A ) 
- 3 + -

the t!pumping ratet! is one over the pumping time at equilibrium or 

liT = 2A + A - ~(4A + A ) 
P +- 3 + -

(11-8) 

In Appendix 1 will be shown that T defines a characteristic time T as 
p 

in Eq. (11-6) such that the polarization V.tends to the equilibrium 

value V as t --7 00. 
e 

n+ - n 
e -tiT) V = = V (1 -

n+ + n . e 

Thus the equilibrium orientation may be written: 
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(- A+ +A ) + ~(.5A - A ) 
V - 3 + (11-10) = e 1 1 +-

T T 
P 

The signal which is observed in the experiment is not the polarization 

directly, but the difference in light absorption (or scattering since 

whatever is absorbed must be re-emitted as scattered light into 4n 

radians of solid angle) between a toms in cell ,vi th zero polarization 

and atoms in the cell with a polarization V which has been reached 
e 

many TIS after the"cell has been illuminated by light II and 1
2

, This 

a b sorption may be ylri t ten: 

Absorption (V = 0) = (2A_ + 4A+) (n/2) 

Absorption (V = V ) = A n + 3A n + 2A n e + - + + 

Then the signal· 

Absorp. (V = 0)- Absorp. (V = V ) 
S = ________ ~-------r----~-------e~ 

Absorp. (V = 0) 
( II-II) 

may ~hen be written 

(11-12) 

C. 'Interpretation of the Rate Equations 

1. The Effect of Mixing and Light Intensity 

The symbol k, denotes the fraction of atoms which after being 

excited into the 3p~ state decay radiatively back into the ground state 

without undergoing any "mixing!! before returning, By TlmixingTl we mean 

any changes which randomize the angular momentum; e.g., collisions. 

For example, if a buffer gas of helium equalizes completely by collisions 
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with the lead, the population decaying from each excited state sublevel 

into each of the two ground state sublevels, then the case of complete 

mixing or k = 0 takes place. Also, a fraction decaying from the 

excited state by viay of the.metastable states undergoing colliSions, 

as has already been discussed, can be considered a fraction which 

d 
II •• II un ergoes mlxlng. In the case of an unbuffered cell, the time 

-4 betv7een wall collisions 10 seconds is much longer than the radiative 

lifetime of the excited 3p~ state so all mixing by collisions must 
. . 

happen in the-metastable state and the mixing fraction k- and (1 - k) 

- a~e then just the fractions branching into the ground state and the 

metastable states respectively. The branching ratio to the ground and 

metastable triplet P states can be estimated by the (2j + 1) statistical 

weight times the v3 factor in the transition probability. This becomes: 

(4058 1\)3 X 5 -~ 40% 

(3639 1\)"3 X 3 ~ 36% 

(2833 1\)"3 X 1 ~ 24% 

2 2 ~ 1 
The branching to the other (6s 6p ) multiplets, -n2 and - So are negli-

gible. A slightly higher figure would be expected because of the slight 

radial distortion of the radial function-petween the three states of 

the triplet·. The branching to the ground state of lead has. been measured 

9Y Saloman and Happer (sH66) to 'be 27%. In this case let k = 1/4; 

then· the signal expression becomes: 

(A_ - A+)(llA_ - 7A+) 

S = 12(A + 2A.+) (lIT + lIT ) 
- P 

(II-13) 
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where liT in this case reduces to 
p 

A_ IT. If l-i.ud the :pumplng rate is such that A+ ,is almost twice as effective as 

A. 

For a relaxation time T much shorter than the pumping time T 
p 

(which will most likely be the case in this and any other difficult 

pumping experiment) the expression for the signal becomes: 

(11-14) 

'and the signal is directly proportional to the relaxation time T. Shown 

in Fig. 5 is a plot for the signal S) at a certain T and 'A = ~, + A_) 

plotted versus the ratio R = A_/A+ of the two intensity components 

A, and A • 
'T -

There are two zeros in the plot of S) one at R = A /A = 0.64 
- + 

and the other at R = A /A = l. - + 
T'ne first zero is because the Iforienta-

tiont! of the gro\md state changes sign; i.e.) there are more atoms in 

the ~ = - 1/2 than the ~ = + 1/2 level. Thi,s is easily seen by 

substituting k = 1/4 into Eq. (11-10) for the degree of nuclear 

orientation at equilibrium: 

(11-15) 

Thus depending on the ratio of the A1s and the value of k one can either 

pump atoms into the ~ = + 1/2 of the ~ = - 1/2 sublevel. This is 

readily understood by considering A+ and A separately. In Fig. 4, A_ 

pumps atoms out of the ~ = - 1/2 sublevel into the F = 1/2) II]c = + 1/2 

sublevel of the 3pO excited state. If k = 1) then 2/3 of these atoms 
1 

decay back into the ~ = - 1/2 ground state sublevel and 1/3 into the 
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XBL 678-4771 

Fig. 5· Plot of Eq.(II-14) for different ratios of R. 
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~ = + 1/2; there has thus been a net transfer of 1/3 of these atoms 

, (1I3N3) from the ~.=' -1/2 to the ~ = + 1/2 ground state sublevel. 

IIMixingll (k < 1) only serves to enhance the effect,: with k = 0, 1/2 

of the atoms excited out of the ~ = - 1/2 sublevel end up in the 

~ = + 1/2. For A+ radiation, let us first look at the N2 atoms excited 

out of the ~ = - 1/2 ground state sublevel. If k = 1, tvlO thirds 

of these go back into the ~ = + 1/2 and only one third back into the 

~ = - 1/2 making this process twice as efficient as the previous one 

involving N
3

• Again if k = 

~ = - 1/2 sublevel to the 

1 
0, '2 N2 atoms are transferred from the 

~ = + 1/2. 

The interesting case is that of A+ exciting ~ = + 1/2 ground 

state sublevel atoms into the F = 3/2, ~ = + 3/2 level of the 3p~;. 

this is the casein which mixing can cause an orientation reversal--a 

negative value of the value Ve. If k = 1, all of the N1 atoms excited 

out of the ~ = + 1/2 gssl into the excited state ~ = + 3/2 fall 

back into the ~ = + 1/2 gssl and no change in the ground state popula-

tion has taken place. On the other hand if k< 1, a number of atoms 

will fall back into the ~ = -1/2 gssl resulting in a net transfer 

of atoms from the ~ = + 1/2 gsslinto the ~ = - 1/2 gssl. The 

system is pumping backwards! With k = 0, half of the atoms excited 

into the ~ = + 3/2 excited state sublevel from the ~ = + 1/2 

gssl drops back into the ~ = - 1/2 gssl, thus performing quite 

efficient pumping on the system. We have seen that depending on the 

ratio of A_/A+ and the value of k, the system may be negatively or 

positively pumped, and all with right circularly polarized light. 

Cagnac solves this problem different1y.6 
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There is no need ,for panic, however, because negative or positive 

pumping will both produce a signal as is seen in Fig. 5· 

Returning to a consideration of the other zero in the expression 
" 

for the'\~d.'gnal S; this appears only in S and not V • e 

components"'A+and A are equal: 

When the tvlO 

the monitoring light composed of the same R = A_/A+ will not be able 

to tell whether the ground state has a nuclear orientation or not., In 

this way the spectral character of the light source as vJell as the 

length of the relaxation time T, and the pumping time Tp are of prime 

importance in optical pumping. Looking once more at Fig. 5) it is 

desirable to have a large value of relaxation time T) a large value 

for total light intensity A) and a ratio R = Aj A+ vlhich is either 

large (~10:1) or small (~1:10). 

In conclusion) there are various values of k and R for which the 

signal will be zero. The first case is when R = 1) and the monitoring 

light cannot tell ,whether the vapor is orientated or not. Tile second 

case "is whetii"tlie numerator of Eq. (II-7) is zero, and the positive, 

pumping is cancelled by the mixing-induced depletion of the ~;: + 1/2 

gssl (negative pumping). Setting the n~~erator of Eq. (II-7) equal to 

zero we have: ~ 

or 

3-5k R =--
3-k 

1_- I") ~Li..- 0 
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For values of k > 0.6, the orientation cannot be zero, regardless of 

the light ratio R. 

The negative pumping is caused by the mixing parameter k being 

less than one. In this case the + 1/2 gssl is depleted into the 

- 1/2 gssl. Although the decay through the metastable states is 

complicated, through no decay process can negative pumping take place. 

And the effect of the metastable states would be just to cause an 

effectivek to replace some calculated k without taking into account 

of the metastables. For instance, consider the cas~ of no mixing of 

sublevels in any state; then a decay from the excited 3p~ into the 

3Pl ,2 into the ground state will cause a smaller population enhance

ment of the + 1/2 gssl than through direct decay but neverthele s.s 

will enhance the + 1/2 gssl. The amount the enhancement is down 

can be accounted for by an effective ffl_k.ff 

Let us now consider a few specific examples of mixing. The case 

of complete mixing can occur in several different ways: 1) A buffer 

gas is introduced7 at a pressure high enough to randomly mix the popula-

tion of the excited state sublevels. 2) An effect, such as radiative 

trapping of the resonance line (Ref. SH66, p. 10), forces the excited 

3 0 ' 3 3 Pl state to decay totally by way of the metastable P
l 

and P
2 

levels 

where the angular momentum is randomized by wall collisions. For the 

case of complete mixing (k = 0), Eg. (II-12) becomes: 

(II-17) S = ----------~--~-
(A + 2A )(1: + J:.) 

- + T T 
P 

where liT = 2A + A • p + - If the filter cell is inserted forcing A+ = 0, 

the signal will be 
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S -;....--?) A T (II-18a) 

\ -

If instead the 'Pb208 1amp is used, forcing A· = 0 

S ---? (II-18b) 

And it is seen that A+ is half as effective in pumping as A • 

In the other extreme case (k = 1), the equivalent of Eq. (II-18a) 

,,7ill be 

.S--~ 

T>>T 
p 

k = 1 
A = 0 + 

~ AT' 
3- . 

and the equivalent of· Eq. '(II-18b) will be 

S--~ 

T>>T . 
t) 

k = 1 
A_= 0 

1 --AT 3 + 
/ 

It is interesting to note the minus sign. It means absorption by oriented 

lead vapor becomes greater than that of unoriented vapor. The steps 

taken to inspect the various aspects of these equations will be treated 

. in Sec. IV. 

2. Relaxation Time 

Relaxation processes in flight and on collision :(:with the walls or 

other atoms) depletes the ·population of the n+ level thus randomizing 

the nuclear orientation. How fast the relaxation process must .be in 

order to nullify any observable effect of nuclear orientation by the 

pumping' light will be treated' in Sec. IV. A few of the qualitative' 

aspects'of relaxation will be covered here. 

, .' 



'. 

-25-

First of all, why should such an unsymmetric electron configuration 

as a P state be insensitive to collisions to the necessary extent for 

optical pumping to be possib,le? Quantum mechanics tells us that the 

good quantum number describing the electronic ground state of lead is 

J and not L or S (since J very nearly commutes with the complete 

Hamiltonian); therefore, the atom shows spherical symmetry for the 

J = 0 state. Since the nuclear spin of Pb207 is 1/2, the nucleus 
8, 

also does not have an electric quadrupole moment. Therefore, there 

is no electrostatic perturbation that can cause a spin relaxation 

(Ref. R53). Hence the handle possessed by the atom is the nuclear 

magnetic moment which is 2000 times smaller than an electronic moment 

and well shielded. As long as the lead atom is in a J = 0 state, 

the I·J term of the Hamiltonian vanishes and the nucleus cannot be 

influenced via its electronic cloud. 

That J = 0 is not valid, could only result from an admixture 

of higher states into the ground state. The next higher state, the 

3p~, is nearly one electron volt above the ground state; therefore, 

likelihood of a 3Po atom emerging from a collision with an admixture 

of 3Pl is negligible. This can be shown by Boltzman arguments. The 

atom cannot span the energy gap in many collisions because this would 

correspond to a random walk in velocity space, and would lead to a 

~andom walk in velocity space, and would lead to ~nfinite energies. 

There remains, however, the possibility that during a collision ,,;i th 

the cell wall or another atom (buffer gas atom), the electron cloud 

"lill suffer a violent distortion of short duration. If this II short ll 

dura tion is small in compari son with the characteristic period of the 

system, the "sudden approximation" will hold (see Ref. S55, p. 218). 
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Let us consider b~iefly such" sudden approximation" collisions. 

The characteristic period of the system in question is the nuclear 

precession peri6d T = !:£/'fJ. "'" 10-3 sec,. 'For an interaction distance 
c , ' . 

of atomic dimensions during which violent distortion takes place, the 

"short" dU:ration T of this interaction will be on the order of 10-12 
o 

seconds. The lead atom may, on a wall collision; condense on the "raIl 

for a time Tad' the adsorption time,;before again moving freely in 

the cell volume • 

. The first case is strictly a ca'se of the IIsudden approximation" 

because the error of the approximation which goes as / 

_0 
T T "'" 10 .7 o C . 

is quite negligible .. On:a '.:stri.glei.'col'Ifsion only, a fraction T IT o c 

of the precessional period of the atom can be {nflue~ced (Le., 21(1" /T 
. . o. c 

207 . 
is the maximum possible change in the orientation of a Pb nucleus 

during one colli.sion). It would then .'take· ~"X 109 collisions to flip 

the nuclear orientation 180
0

• In a bufferless cell),there would be 
4 .' 4 

.about 10 cOlliSions/sec with the wall; and it would take 5 X 10 sec 

for the nucleus to relax~ The time would be even longer if a more 

rigorous quantum mechanical argument were made by taking into account 

the statistical nature of the .collision-induced angular change in 

nuclear orientation and expressing this in terms of the interaction 
.. 

. ~~ 4 
~'Hwall' Jh~y T > 10 seconds is much too large to worry about and 

. '90uld not possibly be present in this experiment. The T applicable 
o 

in ah unbuffered cell is'the adsorption time T d which is not clearly . a 

understood and difficult to measure (Refs. D62 and.PK59). Tnislwill 

be treated in Appendix I; it will indicate that Tad may be of the 

order of '10- 3 seconds making the sudden approximation invalid for 

,"' 
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wall collisions. In collisions with a spherically symmetric atoms of 

the helium buffer gas the above approximation should, however, be valid; 

the distortion time will be of the order of 10-12 sec. The collision 

frequency between lead atoms and helium atoms in a cell buffered with 

10 torr and 100 torr of helium will be 6 X 107 and 
. 8 

6 X 10 cOll/sec 

respectively. Hence this mechanism will lead to relaxation times of 

10 seconds and 1 second respectively. On the other hand, the lead atom 

in 10 torr of He will diffuse across the cell in the order of (10
8 

-4 ) colli sions with a mean free path betweencolli sions of /1.10 torr ~ 10 cm 

1 second. From this it is seen that a buffered cell shows promise for 

optical pumping in lead. The attempt to pump a buffered cell with 100 

torr and 10 torr of He and the conclusions drawn will be described in 

Sec. IV. 

Dobson (D63) discusses relaxation processes from a monolayer of 

paramagnetic oxygen atoms condensed on the wall of a Hg or Ne19 experi

ment,. but thi s monolayer should evaporate at 4500 C and have no effect 

on the present experiment. The relaxation of the nuclear orientation 

in flight will also be small because the nuclear orientation will 

adiabatically follow the small changes in magnetic field. No longi-

tudinal relaxation will take place as long as this process is adiabatic 

and reversible. Both the processes of adsorption time and relaxation 

'. in :,a,. buffer.: wilL, be treated in Appendix I with relation to the 

longitudinal relaxation time T. 

D. Magnetic Resonance and the Radio-Frequency Field 

The spontaneous transition probability between the two Zeeman 

sublevels of the ground state is of negligible smallness. The v3 
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factor alone makes the transition probability smaller by a factor of 

1036 than o~tical transitions.' This means that radiative transitions 

will· take place,mixing the = ± sublevels, only when they 

are ,induced by 'an applied rf field. 

A magnetic field, Hl , rotating in a plane perpendicular to the 

field, H v7hich is the' source of the Zeeman splitting, will induce o 

transit'ions between the ~ sublevels with the following transition 

probability (Refs. BB52 and 859): 

where (.l)o.is the nmr resonance and in this case·b is the matrix element, 

b = (F :;: 1/2, ~ 

y~ 0.892 kHz/gauss of H 
.0 

Transitions will have an appreciable probability if the above expres-

sion has an appreciable value during the lifetime of the state. 

If the field is an oscillating field, Hi cos (.l)t, perpendicular 

to the splitting field H , then this is the superposition of two 
. 0 

component fields rotating in opposite directions .; wi th each rotating 

component The peak of the transition probability is shifted 

by the nonresonanLcomponent a distance proportional to (Hi/Ho)2. (The 
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Bloch-Siegert effect, Bef. S59.) A further reason for keeping (H{/Ho)2 

smalLis to prevent difficulties from the decoupling of I·H T
• 

In general a signal with optimum height over width will "be fC'J.nd 

using 

YH1T"'" 1 ; 

therefore, a relaxation time T= 10-4 seconds will require an rf field 

of 10 gauss and a T of 10-3 sec will require a field of 1 gauss. 

Simplemindedly, this may be looked at as atoms in a state with a n " mean 

lifetime T which must be disoriented within this "mean" lifetime in 

order to have an effect on the absorption of circular polarized light. 

In a frame of reference rotating with the Larmor frequency about the 

z axis defined by H , the oriented nucleus sees no other field except. 
o 

the field Hl which is now fixed in this rotating frame. The nuclear 

moment will precess about this field Hl with a frequency of roughly 
1 

1000 times/gauss. If the lifetime of this moment is 10-~ seconds, a 

field Hlis needed to precess the moment 2~ radians within 10-
4 

seconds. 

In this experiment one wants to be able to precess the moment at least 

900 during 10-4 seconds, the time betiveen wall collisions, in order to 

have enough rf field to observe an effect even if the atom in an 

uc'lbuffered cell relaxes on every 'wall collision. Thi.s is the reason 

for the 2.5 gauss figure often used for Hl in the description of the 

runs in Sec. IV. A large rf field may broaden to the line, but this 

again, if not too severe, is of assistance in locating the signal for 

the first time. Just so the signal would not have been overlooked if 

the relaxation time had been 7ery long, the experiment ivas also run 

vii th rather small rf field strength. w:.'1en the experiment was first 
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attempted, and the relaxation time T was optimistically assumed in 

the O.l-sec range, runs were made with an rf field strength aroQ~d 

30 milligauss. 

" .(. 
i 

"," 
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III. THE EXPERIMENTAL APPARATUS 

In this optical pumping experiment, the necessary equipment 

consists of a source of circular polarized resonance light which is 

sufficiently stable and sufficien~ly intensej an absorption cell 

filled with Pb207 vapor located in a static magnetic field Rand 
o 

an oscillating rf magnetic fieldR
l 

cos wt, perpendicular to Roj 

and a detection system to monitor light transmitted or scattered 

from the absorption cell. 

In the following section the apparatus built for this experi-

ment will be described and the requirements for which they were built 

will be discussed. 

. A.. Light Source 

The light. source in any optical pumping experiment must have 

sufficient intensity and stability. Since the .pumping time covered 

in the last section is inversely proportional to the intensity of 

the light in the resonance line, the signal will therefore be directly , 
proportlonal to the useful light intensity. Lamp noise is a limiting 

factor on any measure of signal to noise because the instabilities of 

the lamp contribute directly to the noise which the detection system 

(tuned a~plifiers, lock-in amplifier and integration system) must 

reject. 

An intense source of lead resonance radiation is a major problem 

in this experiment for a number of reasons. In the first place (in 

-4 view of the 10 second relaxation time deduced for an unbuffered cell 

in Appendix I), the intensity is necessary. In the second place, it 

. , 
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is hard to get. In lamps more. complicated than the alkali atoms (in 

. sodium more than 90% of the lamp output is in the two sodium D lines), 

a great fraction' of the light radiated is in light (or lines) other 

than the resonance line and is therefore not· useful toward the pumping 

of the ground state. For example, in an ·atom which does not ,have an 

s-electron·ground state configuration, there are other low-lying meta

stable states of the ground sta~e configuration (6s26p2) to which most 

of the atoms from the first excited state decay. .In.lead roughly four 

times as much light is radiated from the decay of the 3p~ excited state 

to the metastable st~tes (via 3639 Rand 4058 R) as is radiated via 

2833 R resonance light .to the ground state~ A quick summation of the 

intensities shows that for lead, less than 10% of the light radiated 

(in the absence of trapping) will be resonance light. With trapping 

the fraction will be even lower. 

Compared to Hg, Cd, Tl and many of the other substances from which 

lamps are more often made, a significantly higher effective temperature 

is needed to keep the lead at a sufficient vapor pressure. This tempera-

ture is itself a cause of some trouble. Chemical reactions have a rate 

. that goes exponentially with temperature, and lead diffuses into quartz 

lamp walls to form lead glass. .Thermal gradients of a few degrees are 

more difficult to control at higher temperatures, which means in an 

~nclosed bulb it is slightly more difficult to prevent the discharge 

region from being surrounded by an envelope of cooler absorbing vapor. 

An example of this danger is a self-reversed line profile of a Pb207 

lamp shown in Fig. 6. The requirements of a light source for an optical 

resonance exper'iment such as an optical pumping experiment are discussed 

" 
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XBB 678-4941 

Fig. 6. Microdensitometer trace of a Pb 207 isotope lamp which 
shows strong self reversal in the 2833 A hyperfine lines. A . 
photograph of the plate traced is shown in upper right. The 
plate, Kodak 103a-o, was taken on the U. C. Spec. Lab. 6-m 
plane grating. 
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in detail in an excellent article by Budick, Novick;. and Lurio (Bl\TLE)5). 

In short the light sourc.e must be intense in the central region of the 

absorption line, and the source must be stable. The stringent require-

merits of Budick et al. are that short term noise should be less than 

one part in 105 and long term drifts should be less than one part in 

103 . In the following section will be described the efforts in' this 

experiment to meet the requirements of the proper lamp needed for the 

optical pumping of lead. Lamps will be treated in ·the following non-

historical order: hollow cathodes, electrodeless discharge, and more 

exotic lamps. 

Hollow cathode lamps are known to reach easily the high tempera-

ture.s necessary to excite tungsten and refractory metals much less 

lead. The electron current at which these lamps are usually run is 
. . 

in the neighborhood of 10 mAo If one needs 50 times the light intensity 

of this lamp, and tries to get it simply by increasing the current, one 

could extrapolate a necessary current of ,00 mAo Currents of this magni

tude create such large atomic lead density that self-reversal robs the 

,center of the line of nearly all light. One idea which seems a promising 

way of getting around this difficulty (Ref. BLM66) is the use of an rf 

current rather thdn the ordinary dc current. The heavy positive ions 
, 

cannot move very far away from the cathode during one cycle of the 

(50 .MHz) rf, and the discharge may be kept in a small region which is 

kept highly excited by the large current of electrons. A lamp of the 

geometry of Bodretsova et al. was built. The lamp could not easily be 

made bright and furthermore had a tendency to sputter badly under large 

.. 
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rf current. Efforts on it, were discontinued with Dr. John Link's 

development of the lead iodide lamps which will be discussed in the 

next section. Dropping this line of attack was also suggested by 

Kuhn (Ref. K66). 

2. Electrodeless Discharge 

Sealed electrodeless lamps built from various shapes of quartz 

were filled with lead halides and excited by a radio-frequency power 

source. The most successful source of rf power was found to be a 

Raytheon l50-watt magnetron operating at 2450 MHz and driven by a 

'~urrent stabilized magnetron power supply (1500 V, 150 mI\.) built by 

the Berkeley Physics Department Electronics Shop. The magnetron is 

coupled through a variable matching stub to a Raytheon type A antenna 

which stands under the electrodeless bulb. Cylindrical: shieldsrn.ade 

from mu-metal were fitted, over the type A antenna to shield the lamp 

from the variations of the scanning field Hoj these shields also 

served as a low Q cavity to couple more power into the lamp. Adequate 

power was found to be delivered; for a given lamp geometry only a 

certain amount of power can be used or else higher states or impurities 

(such aSSi02 ) are excited with no gain in the resonance line. 

Some advantages of using a 2450 MHz discharge are discuss~d by 

Raytheon (Product Data 7-500) and Budick et al. (Ref. BNL65, p. 230). 

These are: i) The distance of oscillatory travel of the ions during 

one cycle (0.4 nsec)is small. This reduces the frequency of wall 

collisions implying longer lamp life and a more stable discharge. 

2)Tne discharge is more easily coupled into a localized geometry. 

For instance skin effect discharges, quite similar to those reported 



by Bre'fer (:R~f. :861) and ,Atkinson, Chcipman, and Krause (Ref. ACK65) 

for a 40 MHz discharge on alkali lamps, can 'be stably maintained in 

lead chloride by placing a :'properly filled cylindrical lamp about 

3·6-cm 10ng,,~&¢:;}.2 cm in diameter directly along the axis of the 
. .,' ··'l,,>.f,· 

director of'~;~~J.yi;e A antenna (see Fig. 7a). 
, ;~.:':,<~,~~," . . . 

The filling' of, the se e lectrodele ss lamps' must be ,done rather 

carefully if one wants a,lamp which will last many hours at a high 

temperature." Lamps wh:Lchhave given'intense light with stability 

have lasted 200 hours before instabilities or some other lamp disease 

,set in. Meticulo1,l.s and tedious procedures are outlined in various 

articles. 'McDermott, (MN63),Walter (W62, p. 71), and Budick et al. 

(BNL65) describe elaborate filling methods. In general one pumps 

the vacuum system containing the, lamp to ,the vici~ity of 10-6 torr 

and bakes the lamp at lOOOoC for several hours. The PbC12 may then 

be distilled into the lamp und~r vacuum. Then 0.5 to 1.5 torr of 

argon carrier gas is metered into the lamp using a Hereaus diaphragm 

gauge to monitor the pressurej and a discharge is struck. A usable 

pressure for a skin effect discharge is 1.5 torr argon. When the 

di'scharge is satisfactory,' the lamp is then sealed and separated from' 

the vacuum syst~m. 

One has to be careful because a lamp easily can be made into a 

hot self-reversed one as shown in Fig~ 6. In Fig. 7b is shown a line ,,' 

shape of ' a skin effect discharge. In order to have a really narrow 

line emitted from a lamp, it is necessary to have a controlled amount 

of lead vapor in the lighted lamp. One vlay to do this is to have a 

controlled temperature at the coolest part, of the lamp where the excess 

,. 

i 
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Fig. 7a. A ITlanifold of 22 -ITlITl diaITleter laITlps which can be 
connected to the vaCUUITl system and filled. 
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Fig. 7b. The solid line is a profile of the Pb207 22-mm 

diameter lamp . The dotted line is a profile of an a ir

vented Pb20B lamp (22- mm diameter) . The reversal of 

the Pb20B wing overlap s the F = 3/2, ~ component of 

the Pb 207 profile . 
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lead condenses . ~Dother is to fill the lamp with metallic lead a~d 
a 

iodine vapor,/ which produces a controlled number of lead iodide 

molecules . The excess lead lengthens the life of the lamp because 

it replaces the lead atoms or ions which react with the wall t o 

form lead glass . The few iodine atoms (iodine is let into the l amp 

through a stopcock connected to a room temperature iodine r eservoir ) 

controls t he amount of PbI
2 

in the lamp, and the lamp is run hot 

enough to vaporize only the PbI2 . The lamp is a quartz cylinder 

0 . 6 cm in diameter and 5 to 6 cm long . It is filled with a chip of 

lead, about 1 torr of argon and iodine vapor at room temperature . 

I t is pl aced inside a lamp oven consisting of two concentric cylinders 

of quartz with No. 26 nichrome heating wire wound between (see picture 

in Fig . l 6a) . Tne current on the heaters is provided by a 0 to 30 volt 

dc power supply plugged into a Sorensen ac voltage regulator . The 

heater is increased in temperature until the fluorescent li ght (meas-

ured by a lead absorption cell) reaches a maximum . Wood (w67) reports 

that he has made his most successful lamps without adding a carrier 

gas such as argon . Such a l amp could be useful for lamps to be made 

from radio- l ead isotopes . 

Isotope lamps have never been made to give as unreversed a resonance 

line as natural l ead lamps. Thi s may be because the lead vapor density 

needed to sustain a bright discharge is greater than the density "Jhich 

i s optimal for a narrow line, and in a Pb207 l amp there are 4 times as 

many absorbing Pb207 atoms if the same total Pb density is to be main-

tained . 207 However, Pb lamps are useful in cases where light in very 

closely defined regions is desirable as "Jill be seen in Sec . IV. The 
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procedure for making the l amps are the same as above . ,PbC1
2 

may be 

made from the Oak Ridge stock Pb(N0
3

)2 by dissolving the Pb(N0
3

)2 in 

H
2

0 and precipitating it with HCl . Highest yields were obtained by 

dissolving 10 mg of Pb(N0
3

)2 in 1 ml of H20) placing the solution in 

a OoC cold sink and precipitating the PbC1
2 

by slowly adding HCl from 

a dropper (approximate ly 1 N of HCl at ice temperature is optimum). 

Wood reports that he just places a drop of HClon Oak Ridge stock PbO 

(w67) • 

3. The Preparation of Radio - Lead Isotopes for Lamps 

T'nis effort 'Has carried on by Dr . Robert Hull and Dr. Rodney C. 

Greenhow. The author joined the expe riment during the last three 

radio - lead runs. 

Spectroscopic pictures o f lamps containing r adio-lead isotopes 

were taken using the U. C. Spec. Lab . 3- m plane grating crossed with 

a Fabry-Perot interferometer. Theisotope shift and nuclear spin of 

the radioisotopes could thus be measured while radio-lead lamps were 

be ing developed for the optical pumping n~ experiment. 

Mercury was loaded into aluminum targets (Fig . 8) and bombarded 

by alpha particles at the LRL Berkeley 88-in . cyclotron. An (a)n) 

reaction on Hg produces : 

198 201 Hg (a)n)Pb 

Hg200(a)n)Pb203 

Hg202(a)n)Pb205 

(9 .4 h) 

(52 h) 

(3 X 107 yr) 

This method may have been chosen over the more standard methods) of 

cooking Pb205 in, a pile (n)Y) 0 . 7 barn like Novick used) because such 
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Fig. 8. Radio lead target assembly. The lucite cylinder, at 
left, is slipped over the Hg-filled target grooves to insure 
an even distribution of Hg before the thin Ai target cover is 
slipped over it. The whole target assembly is anodized to 
prevent reaction between Ai and Hg. 



a technique may need mass separation afterwards instead of simple 

distillation . 

The spectroscopic plates taken were not clear enough to publish 

any positive conclusions. One of the difficulties was natural l ead 

contamination in the Hg) etc.; another was the use of' lead metal making 

a l amp harder to light and shorter lived than a PbC12 lamp . With the 

subsequent development in PbI
2 

lamps where the metallic lead is reacte d 

with iodine vapor) this effort may in the future show gr eater promise . 

4 . Flo"r Lamp s 

Two attempts with flow lamps were also made. The first) built 

early in the experiment was similar to Lurio's plans (Ref. BNL65) . 

The envelope was scaled down by a factor of 2 so that it could fit 

inside the poles (longitudinally) of a scanning permanent magnet- -

G+ light a long the direction of the magnetic field could then be directed 

on the absorption cell . A tuned microwave cavity was constructed about 

t he flm" l amp . The reduced dimensions of this flow lamp limited the 

amount of light output possible without coating the front window with 

lead . Further work with a full - sized version of the Lurio flow l amp 

might be a promising pursuit since Happer (H67) has gotten 5 times 

grea ter usable light intensity out of a floy7 lamp than an electrodele ss 

lamp. 

A second flO\" l amp consisting of a beam of lead ) excited by an 

electron gun is being developed by Tetsuo Hadeishi and the author . 

The most successful of the above electrodeless lamps are filled 

with PbC1
2 

and PbI
2

0 The best PbI
2 

excite about twice as much fluores 

cence as the best PbC12 ) but they suffer from being much shorter lived . 
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B. Absorption Cell Construction 

Cells of two construction types are made for this experiment . 

Cubical ce lls are made by fusing windows onto the ends of " square!! 

tubing 4.5 cm on a side. These , being a little more difficult to 

fuse windo\-ls onto) are filled with metal and a helium buffer ; in these 

cells) the helium buffer slows down the wall collision time thus making 

wall surface effects less crucial. Tne sec ond type of cell is not 

filled with a buffer gas and hence the condition of the walls is much 

more critica l. Tnis "unbuffe red!! cell is made from tubing 3 . 2 cm in 

diameter and 3 . 2 cm long . A sidearm is connected to the main body of 

the cell via a capillary 0 .1 cm i . d . and 1 cm long . The sidearm is 

kep t at a cooler temperature than the main body of the cell so that 

the vapor pressure is controlled by the sidearm . The pool of conden sed 

molten me tal in the sidearm reservoir can cause r e l axation of the 

nuclear orientation because an oriented atom striking this pool i s 

not l ike ly to r eemerge with the same orientation. The capillary 

connecting the sidearm to the cell must then have a diffusion time 

"hich is longer than the longitudinal relaxation time T in the main . 

cell. 

The a rea of the cell interior is 5 X 103 times greate r than the 

capillary thus forcing the lead atom to strike the wall 5 X 103 times 

before striking the capillary once . Such a cell was used f irst by 

Cagnac (C61) in the pumping of mercury and has since become "idely 

use d in optical pumping on unbuffered cells . Phillip Spence has used 

such cells \-lith consistent success on his experiments on Cd and Zn, 

and has given us much help constructing ours. 
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These cells were fabricated in the La~Tence Radiation Laboratory 

Glass Shop by Harry Powell. A hole 0.1 cm in diameter is drilled in 

the body of the ~uartz tubing and the quartz capillary connecting the 

sidee.rm is fused onto it. The joint betvleen the cylinder and the 

ce.pi1lary i s ground e.nd ~olished to make a clean seal. T~e ends of 

the quartz cylinder also are ground and polished; then windows are 

fused onto these ends while. the whole assembly is held on a glass 

l athe . 

wilen necessary, cleaning of the quartz parts is done with a liquid 

detergent (IIJoyll); o the nvi se the quartz is left as they come from 

Englehardt and is just rinsed well in distilled water before assembly. 

Spence (s67) observes that cleaning with etching agents such as HF 

II It ( ) produces very bad cells very short T . This is quite understandabl e 

because etching of the surface of que.rtz pr oduces microscopic surface 

changes; for instance, Barrer (D62, p . 495) observes that the treatment 

of quartz with HF accelerates the diffusion of argon through the quartz . 

A~ter the cell is assembled, it is attached to the vacuum system 

and baked e.t 10500 C for 12 hours " (see Fig. 9c) . Tne metal is slowly 

distilled into the sidearm while keeping the pressure below 10-
6 

tor;, 

and then the vlhole assembly is sealed and pulled off the ve.cuum system 

with the pressure as low as possible (less than 10- 7 torr) . 

Spence and McDe r mott (s67) have also trie d additione.l c l eaning 

methods, such as argon discharges and sparking, but these methods 

h8,ve only yielded "be.d" cells . 

A picture of the cells is shown in Fig . 9a e.nd 9b. 
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Fig. 9a. C ylindrical unbuffered cell with capillary sidearm 
and filler tube attached. Also shown is a spherical Rb 
pumping cell filled with 80 torr of He .buffer. 
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Fig. 9b. Marinite co ver of low er cell oven with rf coils and 
unbuffered cell in place. 
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Fig. 9c. Bake-out oven and top of vacuum system. Also in 
vi ew is a square cell ready for filling. 
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C. HeL~~oltz Coils 

~~ree sets of Helmholtz co ils a re p laced around the oven housing 

tne absorption cell. Two sets are used f or bucking out the earth! s 

field, and the t h ird set was used to provide the splitting field H 
o 

(see Fi g . 10). 

Tll.e two earth field bucking coils are made from !l27- in . rr aluminum 

bicycle rims about 64 cm i n diameter . Each rim is wound ,·ri th 50 turn s 

and the two sets a re driven by t"..ro current regula ted power supplie sat 

about 120 rnA each . A rr ze ro fie l d." of le ss t han 5 milligauss can be 

maintained in any direction, but there are other fluctuat ions caused 

by equipment being turned on in t he vicinity . These coarse measurements 

were made using a Hewlett - Packard Clip- On Milliammeter with a permalloy 

flux ga t e probe ca l ibrated at 1 rnA per milligauss . 

The w~in field coils are 19 inches in diameter with 306 turns on 

each coil, an d they produce about 12 . 8 gauss pe r ampere current . The 

coils are powered by an optica l PQmping magnet power supply built in 

the Physi cs Depart ment Electronics Shop which puts out a regulated 

current up to 7 ampe res . 

D. Oven 

The oven i s made u~ of two com~artments (see Fig . lla). The 

upper compartment heats the side arm controlling the vapor pressure 

of the cell . The lower compartment must kee p the main body of the 

cell at a uniform temperature . When using a buffe red ce ll without a 

side arm, only the lowe r portion of the oven is necessary . 

T-~e upper compartment is made from a l a r ge block of marinite 

insulation materia l; a cylindrical ho l e is bored out to hold the 
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Fig. 10. ExperilYlental apparatus. Inside the HellYlholtz coils 
is the oven containing the cell with 10 torr He buffer. 
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Fig. 11a. Pum.ping cell oven. The upper cham.ber is for the 
Pb reser v oir. The lower section with the double quartz 
window s is for the m.ain cell body. Chrom.olox (C205) 
heater is shown in the foreground. 
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Fig. 11b. Cross section of lower oven. Visible are the inner 
stainless steel liner, the intermediate asbestos layer and 
the transite outer layer. 
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side arm of the cell. This cylindrica l volume is heat ed by one Ccromolox 

catridge heater (C205 : 100 W at 120 V). 

The lower chamber (see Fig . llb) is constructed wi th an outer 

layer of 1/2-in. transite (which can be easily machined ; drilled) and 

t apped) and an inner layer of 1/4- in . asbestos ,,'hich provides better 

insulation properties. Inside the asbestos is a liner of 1/16- in. 

non- magnetic staj.nless steel which keeps a uniform temperature around 

the cell. Tnere are three .,inc1o'tls cut into the oven. The 'Nindows cut 

in the transite and asbestos are circular and covered by double quartz 

'v=--ndows to provide better i.nsulation and prevent an oven cold spot at 

the '''indow. The stai nl e ss steel liner 'vindows a re of a slotted constr uc 

tion with narro'VI strips extending horizontally acro ss so that heat may 

be conducted ac ross the inner of the blo quartz windows . The three 

'Nindmvs are placed so that tv70 are in line with the incoming light 

and the third is at 900
• L<J.'J.S both transmitted light and perpendicul ar 

scattered fluorescence may be seen by a photomultiplier . Chromel- a lt®el 

thermocouple s a re pla.ceo. in three po si tions : a t the top of the oven 

inside the metal liner) at the bottom of the oven outside the metal 

liner) and in the sidearm oven in contact with the side arm but 

separated from the heater by a thin 'vall of asbestos . 

The Chromo lox C205 (100 W) heaters are placed as follows: one 

in the upper side arm oven as already ment ioned ) three lying horizontally 

betvleen the insulating asbesto s and the stainless steel metal liner) 

and four standing vertically insi de the four corners o f the meta l oven 

liner . The heaters at the bottom of the oven) those inside the liner) 

and of course the one in the side arm oven at the top) are each run 
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from a separate unregulated dc power supply. The use of separate suppli es 

allmvs better control of oven gradients and more efficient use of the 

catri dge heaters which are used at a fey/ hundred degrees higher tempera

tuxe than the manufacturer recommends . The reason these heaters are 

used is tha t they have a construction which produc es very loy) magnetic 

field . IYhen the cartridge heater is operating at 60 volts) which is 

a typical operating voltage) a flux gate magnetometer probe placed in 

contact vlith the cartridge reads approximately 7 milligauss along the 

cartridge axis and less than 1 milligauss perpendicular to the axis . 

Tb.e fall off is much faster than 1/r2 and becomes negligible at the 

cell position severa l centimeters away . T.o.at these heaters have no 

noticeable effec t is ascertained by placing a rubidium pumping cell 

ins i de of the oven and pumping Rb . No difference is observed in the 

width of location of the Rb pumping resonance when the whole oven 

a s sembly is r emoved . T.o.e magnetic field ,of the whole system of the 

oven and Helmholtz coils is calibrated by optically pumping a rubidium 

si de arm cell which contains 80 torr of helium buffer . The buffer 

allows the main body of the cell to be heated to 4000 C in simulation 

of actua l conditions pumping a lead cell . 

E. rf Coils 

Inside the metal oven liner is placed the rf coils which produces 

the HI field at the nmr frequency (see Fig . 9b) . The coils are wound 

with nichrome wire to form two sections) of four turns each ; the coil 

sections are two inches in diameter and spaced two inches apart . The 

nichrome is nonmagnetic at 4500 C vlhich is considerably above its Curie 
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temperature and is very.nearly nonmagnetic at room temperatures . 

Nichrome is chosen because of its stability at temperatur es up to 

800
0

e ,,]here runs with the ll...'1buffered cell are made . Platinum may 

be a better choice since it has much 10'~ler resistance as ,.Jell as even 

better high temperature stability. At aud io frequencies the coils 

produce a field of approximately 0 . 4 gaus s per ampere midway bet,,'een 

the ti-IO coils . The rf coils are driven by a HeYl lett-Packard 210e 

a(;.dio oscillator in series with a lV~acKinto sh 30- 1.4att audio ampli fier . 

A field strength up to 2.5 gauss at 6- A rms can be produced on the 

cell. A field of this strength, as discussed in Sec . II, is sufficient 

- 4 
to disorient an oriented atom in 10 seconds which is the time between 

cell wall collisions. 

F. Optics 

The optical system is made up of lenses, polarizers, quarter- wave 

plate, filters and a Bausch and Lomb Quartz prism monochromator (diagrammed 

in F~go 12). Tne lenses are quartz. 

Tne line8.r polarize:':s are Polacoat PL40 po l aroids '.Jhich may be 

ordered from Polacoa t Inc., 9750 Conklin Road, Blue Ash, Ohio. Tne 

transmission through two crossed polaroids is 0 . 8% at 2833 Rand 4% 

at 3LfOO R . Aligned transmission thro"Ll.gh two polaroids is 12% at 2833 R 

and 23 % at 3400 R, while transmission through a single polaroid is 27% 

at 2833 Rand 39% at 3400 A. Thus t.he transmission is approximately 

50% efficient and 90% polarized. A gl an prism would be nearly 100% 

efficient and 100% polarized, but such a prism (say 5 . 0 cm in diameter) 

,,]ould have a narrow angular e.cceptance (about 170 ) in the uv . Never -

the I e s s, suc h a pri S;.J. "loulc. hB.ve fitted in nic e ly . Thi s ,oJQuld be an 
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elegant ,.Jay to gain a factor of nearly two in light intensity . T:-:3.t 

the factor wou l d be some,;rhat les s than t\.Jo becomes evident if one 

di2.gra...'Us carefully the problems of collimating an extended source · 

The quarter - wave :91ate used ,·las of the stressed quartz varie'::,y 

de ve loped by Allen Lurio., and '·!as built after a discuss ion yli th P::of . 

Lu:cio . A quartz plate i s squeezed a long tylO opposite edge s ~o che.:1ge 

the index of refraction a long one axi s . By increasing the ' I squeez~ng " 

force, tbe plate can be tuned to the quarter- wave plate cone.i tion for 

a continuous :cange of ·Havelengths . Typical pressures neede c'. f or 2. 

uniform. plate 2 X 2 X l/J+ inc!J.es is roughly 1000 Ibs. for the visible. 

A.n. expression for the :r.'.,~gnitude of stress necessary to be exerted 

in the x dir ection for quarte:c wave performance in the z direction is 

de:::,ived in A:9pendix II: 

u xx 

A. 
o (III-l) 

whe r e u is the stress necessary in the x direction, A. is the wave -
Y-Y- 0 

l ength of the light, t is the plate thickness, a
l 

and a
2 

are the e l astic -

optical constants and n is the nor~al index of refraction at ''lave 
o 

length A.. It i s seen that tv.'ic e as much stress would be needed to 
o 

tune a quarter- ,-lave pla te ~or twice the ,-lavelength provided a
l

, a
2

, 

and n "Jere constants inde:gendent of \\'ave length . The stress is prefer
o 

ably kept low in order to maintain greater uniformity acros s the whole 

plate . From EQ. . (III-l) it is seen that the stress u may be lowered xx 

by increasing the thickness of the plate, t. A quartz plate two inches 

sQ.uare and 3/16-in . thick mac1'2 fro!n General Electric type 151 fused 

qU3.rtz wa s used . 'I~Qis plate in po.:cticular is from an exper-imental 



batch m.ade by General Electric"s Willoughby Quartz PlantlO i n 1965 and 

exhibits some r e sidual birefringence (from incomplete fusion of sane 

crysta l interfaces) . It was cut par allel to the optic axis,: therefor e , 

little stress is needed to shift this pl at e to the ~uarter wave condi -

tioD for 2833 R. Furthermore , the type 151 is highly homogene ous, 

"schlieren- free ,1f high in transmi ssion down to 1800 R and resistant to 

ge..mrna ray darkening . Current plates of type 151 are much more uniform 

, f t ' ' d 11 . ln r e _rac lve ln ex and a greater stress is needed . The mount for 

the quartz pl a te is shown in Fig . 13. Sever al materials were tried 

for the paddi ng be tween the aluminum holder and the ~uartz pl a te; clear 

vinyl spaghetti worked be st . The quart e r - wave pl ate is placed after a 

linea r polarizer arranged to form a circular polarizer. It is tested 

a t a particul ar wavelength by measuring the intensity ·of the transmitted 

l ight whi l e an analyzer polaroid is rota te d . The percentage of polariza -

tion ,vhich 'dill be cited with experimental measurements i s 

p(% polariza tion) 

That the percentage measured is cicular polarization (and not just 

random polarization) Ivas te sted on a rubi dium pumping system . Thi s 

quarter- wave plate , tuned to produce 70% circular polarization, was 

compared vl i th a commercia l circular polarizer which produced 50% circular 

pol arization. The rubidium pumping signals displayed on a Tektronix 

502 scope wer e 8 mV and 6 mV respective ly . 

The transmitted light at a specific wavelength is measured through 

a Bausch and Lomb f/L~ double quartz pri sm monochromator . 
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Fig. 13. Stressed quartz quarter-wave plate. 
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Various colored glass and i nte reference filters used 'Hill be ment ioned 

brie f l y in connection with the ir use in later sections. A liquid fi lter 

(Ref . S38) -was made dis solving 1)+ grams of Ni S04 and 10 grams of Cos04 

in 100 ml of water ; this filter which passes uv will a lso be discussed 

in connection with its use. 

G. Dete ction Sys tem 

The detec tion system consists of two photomultiplier tubes connected 

to assorted amplifi ers designed to extrac t a small si gnal from much noise. 

This is then stored (and averaged) in the channe ls of a multichanne l 

scaler in whi ch the channels a r e advanc ed in step with the linear change 

in t he sweeping field) H . The various components and a brie f descrip
o 

tion of their functi on i s as f ollows . 

1 . Photomultipli ers 

The photomultiplier tubes look a t the absorption cell both directly 

in line ,vi th the incoming light to monitor transmission) and a t right 

angles to the incoming light t o monitor fluorescent scattering . The 

system may be used in two ways . The first is obviously independently 

to perform both transmitted and . scattered light experiments . The 

" 0 ~ t 1 1 1 Ott d .12 secona lS uO use he re ative y arge t r ansml e componen~ a s a 

measure of lamp fluctuati on s and subtract this f rom the scattered 

light by feeding the two photo outputs to the differential inputs 

of the Keithley amplifi er . The photomu l tiplier output could be 

balanced by adjusting the hi gh voltage of the re gulated high voltage 

pOvlersupplies (Northeast Scientific Corp. Model RE- 30002 E',.;r) . Two 

IP28!s were used ; one f or transmitted light and the other was placed 
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on t~e back of the Bausch and Lomb f/4 Double Quartz Prism Monochromator 

~vhich was used to tune the circular polarizer and to make relati v_ 

intensity measureI!lents . The right angle photomultiplier in tie :~:.1al 

syste:s:J. is an RCA 8575 which exhibits high sensitivity and le .. - noi :: '.~ 

in the near ultraviolet . It has a quantum efficiency of 32~~ and a 

photocathode area of 2 . 54 sq cm . T'ne efficiency and gain of these 

photomultipliers were calibrated by Charles Dumm, Electrical Engineering 

Technical Support Group at the LaY7rence Radiation Labora,tory . The 

photomultipliers '\-,ere used as current sources ope r ating with a negative 

sup:pl:)r voltage where the same negative voltage is placed on a foil 

envelope around the phototube to reduce noise . A one - megohm loading 

resistor was placed on the output of each phototube . 

2 . kc.plifiers 

Xeithley Model 103 and P:::-inceton Lock- In A.:nplifier Model JB- 5: 

T'ne output of the phototubes were connected t o the 10 megohn differential 

inputs of the Keithley 103 am:plif:'er which is opera ted with a low fre 

quency cutoff of 0 . 1 Hz: 1 :f-Iz : or 10 Hz and a high frequency cuto ff of 

100 Hz 0:::- 300 Hz (depending upon the t::'~e constants of the other compo 

nents of the detection syste~ during a particular run.) . The gain of 

the Keithley is set bet'\-7een 200 and 250 , and after a warmup of a f e,\-7 

hours is stable with shorted input noise of less than 5 microvolts . 

The output of the Keithley is then fed into a J B- 5 Lock-In Amplifier 

,\-lhich is referenced to the frequency with ""hich the rf (to the mixing 

coils inside the o ven) is chopped . Chopping frequencies from several 

Hertz to 43 Hz have been used . T'n,:,:, time constant o f the "Lock- in" 
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,·las usually se t at one second although much shorter and much longer 

time constants have been tried . Tetsuo Hadeishi mentions that an 

important consideration in small signal work using a tlLock- in!! is to 

set the gain as high as possible ; nonlinearitie s in the e l ectronic s 

can cause signals be low a certain size to be lo st in the electronic 

circuitry . In some cases, which ,·Till be discussed in Sec . IV, the 

output of the Keithley was connected directly to the signal averaging 

multichanne l scaler . This less sensitive me thod of per forming the 

experiment ,"as used to de r ive ' a maximum value of the relaxation time 

which vlaS not de pendent on t he eccentricitie s of the Lock- In Amplifier, 

a device not theoretica lly simple to analyze. 

3· T~e Multichannel iLDalyzer Used f or Signal Averaging 

rwo multichannel scal ers were used-- a Nuclear Data ND- BOO Enhancetron 

and a Radiat ion Instru~ent Development . Laboratory Inc . RIDL Model 34- 12B 

400- channe l ana l yzer . The Enhanc e tron is a compact box which is self 

contained with respect to measurement and address advance . Its main 

disadvantage is that it .i s slow in taking measurements : an input 

voltage must be c ompar ed separ a tely ,-lith 256 referenc e leve l s (at 32 

microseconds/comparison) to make a single measurement . In this experi -

ment it s slowness was found tolerable when used in series with the 

phase sensitive, lock- in amplifi er; its tendency slowly to generate 

its own noise together with its limited memory (2
16 

bits ) was a 

disadvantage in longe r runs . The use of the RIDL 34- 12B was much 

more sa tisfactory . Using the RIDL, the output of the amplifier is 

fed i nto the RIDL by way of a Vidar 260, voltage-to- frequency conver ter ; 
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a battery box is used to IIbud ;:!! the dc level of the PrincetoCl JB- ) !l lock -

in:! ,·lhlcD references its output at - 6 volts with r espect to gro'JJld . 

~~e Vidar voltage - to - frequency converter has a stability of bette~ than 

0 . 1%) and produces pulses (1 micro second rise time, 4 micro seconc.s wi dth) 

at a rate dire c tly p royortio nal to the input voltage . At maximum. voltage 

i t '\·~~ ]"l put out 105 pul se s pe r sec ond . These pulse s , after being slightly 

shayed , a r e re g i stered on a cha~_D.el of the RIDL~ The RIDL has 400 chan

ne l s 1..ihi ch can count 106 
counts in each before overflowing . Tne couXlts 

ca n be made to overflow many times before the va riations in different 

charme l s begin to overlap . The channels of the RIDL are advance d by 

a c lo ci-::: c onsisting o f a Tektronix 162 v!ave fo rm generator which is used 

to trigge r a Tektronix 161 pulse gene r ator . Tne RIDL advances a channe l 

ivl:.enever i t receive s a pu l se fr om this 161 pulse gene r ator . 

4. Control Circuitry 

Some contro l circuitry is now ne eded to coordinate the S'Heep of . 

the maene tic field , H , with the channe l addre ss of the multi - channe l 
o . . 

scal e r . The magne tic f i e l d .cu rre nt generator i s controlled by a voltage 

1..ihich is svrept at a sweep rate bet',leen one a nd thr e e hundr ed se conds . 

The s'\veep control is a n Exact Mode l 250 Function Gene r ator which c an 

be use d to either scan the fi e l d ) ~ , either with a ramp fQD.ction or 
o 

a triangle function . Each t i me the RIDL finishes adva..D.ci ng through 

a ll o f its channel s , it sends a pul se (by vray of an intermediate pulse 

generator) which triggers a bistab l e flip- flop into the off position . 

Tnis interruyts the oper ati on of the ttclock:! by preventi ng the tri ggering 

of the 161 generator ' Thich advances the RI DL t o the next channe l. ",Then 
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the Exact Function Generator starts making its next sweep) it pulses 

still anothe r 161 pulse generator which triggers the bistable flip-

flop into the on position) thus allowing the clock to advance the RIDL 

once again in the previous manner . In Fig . l~· is diagrammed the vlho l e 

de tection system) much of which is shown in Fig . 15. This di agram 

i~clude s an e lectronic counter used to COQDt the number of magnetic 

field sweeps ) a Hewlett -'- Packard 524c Electronic Cou.nter used to count 

the frequency of the rf) and an HP 202A Low Frequency Generator used 

to chop the rf by triggering a Mercu.ry switch (Cl are 1003) . A sine 

wave modulator (circuit diagram in appendix) was also built at the 

s1J.ggestion of T. Hadeishi ; it can be triggered by the internal reference 

of the Lock- In Amplifier to modulate the rf in a sine wave pattern 

rather than a square wave pattern . 
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Fig. 15. Electronics. FroIT1 top to bottoIT1 starting froIT1 
the left can be seen the RIDL 34-12B, Vidar 260A, pulse 
shaper, pulsers, Tek 502, HP 202A, PAR JB-5, and 
other cOIT1ponents. 
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IV. EXPERIMENTAL MEASUREMENTS AND SIGNAL SEARCH 

Toe treatment of the experimental runs will be presented in two 

main groups . First ;;\Ti ll be presented the runs using a natural l ead 

lamp (see Fig . 16b) and the unbuffered cell because this is easily 

treated and leads naturall y to the experimental improvements . ~~e 

natural lead lamp is used with the l amp ovens shown i n Fig . l 6a. 

Second will be presented the runs using a hf absorption filter and 

208 a self- reversed Pb l amp to improve the R ratio . 

The usua l experimental procedure was as f ollows : circul arly 

polarized light of a certain R r atio was i ncident upon the Pb207 

absorption cell . This absorption cell was located in a magnetic 

field H which was scanned through the rlJnr frequency ill = YH • 
000 

As the magnetic field H passed through the resonance f r equency, 
o 

the rf field Hl destroyed the orientation achieved while the Ho 

field was off resonance . At this resonance , the monitored transmis-

sion s~ould have increased whi l e the fluorescent scattering should 

have correspondingly decreased . These moni t oring photomul tiplier 

outputs vrere then fed by way of ampli fiers to a signal integrate r 

(the Enhancetron or l ater the superior RIDL) which was advanc ed in 

address as the field was swept . The nmr f r equency ill was kept constant . 
. 0 

The amplitude of the rf field Hl was modulated whenever the lock- in 

amplifier was used in series with the multichanne l scaler . 

Light source fluctuations are partiall y balanced out with an 

RCA lP28 behind two Wratten No. 39 filters looking at the r esidual 

(3639 Rand 4058 R) light trcmsmitted through the cell and liquid 

filter (see Sec . IIIG) . 
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Fig . 16a. Lamp ovens. 
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A. Natural Pb Lamp Runs on Pb207 Resonance Cell 

A serie s of runs on a stable system i{aS first made using lamps, 

of PbI2 Lin.'-\. - t:ype, fi lled with natural lead. A profile of thi s l amp 

taken on the U. C. Spec . Lab. 12- m Grating at 90th order is sho1t.7)1 in 

Fig. 16b . Although much of the final apparatus was not use d with this 

series of runs , this series lent itself to easy calculations which 

pointed a direction for further work . After passing through a circular 

polarize~ and a liquid filter, the incoming was incident on the absorp

tion cell . In this case the I!unbuffered capillary sidearm ce llI! was 

used . The liquid filter cell (S38) passed the ultraviolet but not the 

visible , and improved the signal - to - noise ratio. Its measured response 

is shown below". 

Wavelength Transmission 

2833 ~ 80% 

3639 ~ 2% 

4058 ~ 0 .1% 

The excitation was r estricted to populating only the 6s26p2 3p~ 

excited state . A circular polarization of 90% was checked by rotating 

an analyzer pol aroid in front of the Bausch and Lomb Monochromator. 

Fluorescence from the QDbuffered cell passed through two Wratten No . 39 

filte~s (see Fig . 17 for transmission curve) before it ,{as detected by 

a IP28 RCA photomult iplier . These filters were quite important since 

they blocked the ultraviolet light reflected by the walls of the absorp

tion cell . They a lso blocked most of the light emitted by the heaters; 

the response of the photomultiplier to the 7000 R passband of the 
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Hratten No . 39 filte r s .Tas quite low. Most ' of the light detected by 

the right angle detector was therefore fluorescent light . As the upper 

oven containing the pressur e de termining sidearm of the absorption cell 

was raised in temperature) an increase was seen in the fluorescent 

scattering emitted by the l ead vapor within the cell . A representative 

curve of the fluorescence is gi ven in Fig. 18 . The exac t shape of the 

curve differed depending upon cell g~ometry) l amp brightness) etc. 

Tb.e half a vo lt across the photomultiplier at 395° e vas residual 

r eflected light which was not temperature dependent . The tota l fluores 

cent voltage wa s · the difference in voltage measure d with and without a 

shutter blocking the window of the absorption oven . In practice the 

difference inserting the shutter was quite small) but coul d grow t o a 

good fraction of a volt when the temperature of the oven was raised to 

8000 e. The increase was black- body radiation of the cartridge heaters 

through the 7000 ~ passband of the Wratten No. 39 . The l eveling off 

of the fluorescence at 5600 e was caused by the narrowing of the absorp

tion layer in the l ead vapor; the slight dip may have been caused by 

the photomulti p lier not viewing the whole of the front cell window. 

The choice of optica l density used depended on various absorption 

considerations . The differential absorption of the A and A+ components 

could have influenced the magnitude of the signal S in Eq . (II- 12); 

and Doppler broadening of the absorption line at high temperature could 

also have changed absorption ratios (as viII be seen when impurity 

f l uor escence i s considere d) . The t ran smis sion at optical depth of 

approxim~te ly one was desirabl e because the unabsorbed light transmitted 

to the in- line photomultiplier also moni t ors the orientation information . 
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If scattered light reradiated via the cross fluorescent lines (4058 R 

and 3639 R) was detected at right angles, a much higher density could 

be tolerated . These lines were not trapped and could be use d to 

extract information even when the optical absorbing layer for the 

r esonance line (2833 R) approB"ched the thickness of one micron (Ref. 

SH66) . A good detailed account of the pu~ping dependence on optical 

absorption depth is given in McIlrathTs thesis (Mc66) in which he 

discussed the optical pumping of atomic hydrogen . 

To investigate a wider range of conditions, these runs were m...ade 

at the tenperatures J+40oc, 4800 C and 540oc. The expected signal can 

be estimated by an order of magnitude calculation. First of all, the 

absorbable light flux A in E~ . (11-12) must be estimated . This can 

be calculated from the observed fluorescence provi ded all the other 

parameters a r e kIlown . Tne ~uanti ty 1/ A was to the accuracy of this 

calculation, e~ual to the pumping time T . 
P 

RGEYt3O'A e 
l/A s T (IV-l) == """ crV p 

where R i s the effective anode resistor (1 megoh..m), G is the ga in of 

the photomultiplier (4 X 106), E is the ~uantu~ efficiency of the photo -

tube (18%) , Y is the fraction of the total (4rr) fluorescence seen by 

the phototube (0 . 5 X 10- 3), t3 is the fraction reradiated at 4058 Rand 

3639 R (0 . 8), a is the fraction absorbed (0 .5), A is the area of the 
s 

photomultiplier window (0 . 05 cm2), V is the f l uorescent signal in volts) 

and cr i s the cross section for absorption of resonance radiation 

(2rr71. """ 10- 10 cm2) , e is the electron charge (1 . 6 X 10- 19 Coulombs) . 

The ~uantities in E~ . (IV- l) vhich were most uncertainvere the absorption 
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fraction a) and the re sonance cross section cr . For cells of low density) 

Eq . (rV-l) was more ac curate ly expressed in terms of atomic density n 

vhich vas k.110wn v i thin a factor of three (Ref . E23 and HOAR63) . 

The ab sorption fraction a may be expressed a s 

a = 1 - e 
- k .£ 

o 

(k ) -.1 where is t he ab sorption l ength) and .£ is the depth defined in 
o 

Mitchell and Zeman sky (MZ34) . For small k .£ ) the exponential may be 
o 

expanded : 

but 

t hen 

and 

T 
P 

a k.£ 
o 

k = cr.£ 
o 

a/ cr = n.£ . 

n£RGEY~A e 
s ;=-----

V 

A fluorescent voltage of 4 volts then gave 

( rV- 2) 

l/A ~ T a val ue of 0 . 46 
p 

seconds . From the plot in Fig . 5 which was calcul ated f or k ;= 1/4 

the r atio for S/AT was approxi mately 0 . 01) and 

S = 0 . 02 T 

This implied a relaxation time T equal t o one second j the signal 110ul d 

then be a 2% effect on the absorbabl e li ght (and thus the scattered 

light) . This woul d be observe,bl e on the output of the photomultiplier 

when displayed on a 502A Tektronix scope . With a re l axa tion time of 
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(the time between wall collisions), the signal would 

- 401 
2 X 10 /0 . W· " th 2 01 h t 1+' l' . f N l c;n _e 10 p __ o omu vlp_ler nOl se 0:' _ ) 

t he s ignal to noise would look like 

Al though this signal- to- noise figure was a very small one, calibrations 

wi th r ubidium optical pumping and calibrations introducing a dummy 

signal ( see Appendix III) into the full optical pumping apparatus 

/ 
- 4 showe d that a dummy signal (with S N """ 2.5 X 10 ) could be built up 

to a SiN of 1:1 after 25 separate scans , (see Appendix III). 

The rele.xation time in an unbuffered cell could not have been 

shorter than 0 . 1 msec (the mean time between wall collisions); the 

distance between Pb- Fb collisions was enormous. If the light ratio 

R 'flas 1/2, the pu.mping time was 0.46 sec, and the mixing ratio was 

1/4; the absence of a signal could only be explained by e~uipment 

fault . 

Let us first examine the e~uipment parameters to show that they 

are not at fault. For a very short lifetime T, it was seen in Sec. 

lID that a very strong rf field Hl was needed to destroy the spin 

orientation before the nuclear orientation has time T to relax . 

Fields up to 2.5 gauss of rf "ere used to cover the pos sibilities 

of lifetimes ranging down to a fraction of a millisecond . The scan-

ning fie ld H was increased to approximately 40 gauss to prevent o . 

difficulties associated with the Bloch- Siegert effect (H~/H~ ~ 
2/ 2 2 . 5 1'-0 ~ small) . Also, as covered in Sec. lID, a greater fie l d 

H was necessary to keep the lines (broadened by intense rf) from 
o 
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overlapping and mixing the t wo nuclear orientations, ~ = -r 1/2. 

The time constants in the detection system were varied to make 

sure that they wer e consistent with those in the atomic systemj other-

wise the signal would be diminished by external constants such as : 

the modul a tion freCluency of t he rf field, the sweep recycling time, 

or the amplifier bandpas s. The characteristic response time of the 

pumpi ng system given in Eq . (11-6) showed that the short r e laxation 

time T r ather than the relative l y long puw~ing time T was dominant. 
p 

The relaxation time T must be short or else an effect of pu~ping 

woul d have been seen. The rf modulation freCluency was 43 cps and 

the sweep cycling t ime was varied from 32 seconds to 128 seconds. 

For a T of 1 millisecond, and a T of 1 second, f or instance, it was 
p 

des i rable to modulate the rf even faste r (hundreds of cps) to extract 

!! • II the maxi mum signal to noise f rom t he . lock-ln. Runs of up to three-

hour dur ation were tried under these various conditions. 

In view of the above, together with the calibration of sensitivity 

in Appendix III, the detection eCluipment was not conside r ed the limiting 

factor. The ma jor difficulties were the three mentioned above . Let 

us discuss them briefl y . 

1 ) The li ght r a tio R = A_/ A+ "Tas not 1/2. The hyperfine compo-

nents showed some se lf-reversal, and this self-reversal cause d the r a tio 

R t o approach the value one . In interferometric studies of rubidium 

l amps ) Gibbs (GH67) noticed tha t the total intensity of the hyperfine 

components wi t hin the absor ption wi dth i nc reased (under heating or 

increa sing powe r of excitation) but only with a dec reasing ratio R 

unti l the components were finally eClual i ze d and R became one. The 
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fluorescence of the PbI2 LirLl{ lamp used in the above runs was opti~ized 

(as described in Sec . II) by increasing the temperature of the l e,mp . 

This optimization method also has the tendency to equalize the inten-

sities of the two hf components . In Fig. 5, the magnitude of the 

sig.'1.al fluctuates about zero when the ratio R = (A_/A+) i s between 

one - hal f ar..d one . The next section will deal with a hyperfine ab sorp-

tion filter which was built to force the ratio R out of the undesirable 

r egion. 

2) It was found by stu.dies with the absorption filter that up to 

one half of the fluorescence may not be Pb207 fluorescence, but rather 

fl f th 7d . · t· f Pb208 d Pb206 t · th uore scence rom __ e 10 lmpurl le soan pre sen In __ e 

absorption ce ll (pumping cell). The calculations f or this effect are 

treated in Appendix IV . 

3) The mixing ratio cannot be attacked at the present . It is 

quite unknown and all that can be done now is to run the experiment 

at a .. Tide range of temperatures to vary some of the collision and 

vapor pressure parameters which will influence the quantity k . 

The signal to noise will be treated in a more sophisticated manner 

in the next section (IVB) when :.the experiment gains more sophisti cate d 

equipment . 

B. Runs With a Better Hyperfine Intensity Ratio R, 

208 Using a hf Absorption Filter and a Pb Reversed Lamp 

It was concluded in the last section that the most fruitful 1'Tay 

to immediately pursue a l arger signal was by changing the hyp erfine 

ratio, A /A . For instance it was seen in Fig . 5. that a change of 
- + 
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the ratio from R = 1/2 to one in which R = 8 would have given a 

factor of nearl y 30 in increa sed signal. And a factor of 30 meant 

that a Tl square - root Tl type s i gnal aver ager, such as the one used he r e , 

coul d have produced a signal t o noi se of equally detectable size in 

one hour which took 900 hours previously. 

Tnere were several ways to obtain a more f avorable light ratio, 

R. Two te chniques of hyperfine se lection were considered here : (1) 

2. hf absorption filte r, and (2 ) a se l f - reversed Pb208 lamp vrhich 

delivered much of its light overlapping the Pb207 A+ absorption l ine, 

B, line only 98 mK higher ' than the Pb208 line (see Fig . ' 19) . These 

techniques we r e effective in producing a large difference in the two 

hyperfine intensities; furthermore, they utilized lamps and tecD~iques 

y!hich we had a lready deve loped . A pre s sure - shifted Rb hf absorption 

fi lter was used successfully in a spin exchange experiment by Gibbs 

and Hull (GH67) • 

The 208 Pb . resonance 

the A (see Fig . 19) • -

l ine is 98 mK from 

Pressure broadening 

the A+ 

in the 

l ine and 345 mK from 

Po208 filter cell 

will absorb the A+ while lea~ing the A untouched. And with such a 

high ratio for R the pu..rnping would not be complicated by negative 

pumping even i f the k went to zero . 

Tne initial pressure of He chosen for the pr essure shift used 

the data of Clayton and Clhen (CC51) who measured the shift of the 

2833 A line to be 
-1 

+ 0 .188 em per relative density of helium. 

Therefore, ha l f a relati ve density of He (or 420 t or r at room tempera

-1 
tuxe) should have led to the pro pe r val ue (0 . 094 em ) . The shift we 

obse rved at this pressure did not seem nearl y as l a r ge as 0 .188 cm- l 

i 
/ 

• 
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Fi g . 19 . Calculated lamp prof ile. Courtesy of Dr. Robert Hull . 
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per relative dens ity) but our measurements could have been mi sleading 

since we did not set up a continuum source but instead used lead l amp.s. 

To save time we made the careful measurements using the lamp ( see Fig . 

19) '-lhich wa s going to be used with the hf filter in the experiment . 

The construction of the hyperfine absorption filter will now be 

described . The cell which was used for the filter was a quartz 

cylinde r 55 mm in diameter and 60 mID long) and an optical quartz 

window l iS-inch thick wa s fused onto each end of the cylinder . The 

cell was f illed with metall ic Pb20S and 320 torr He gas. The oven 

ho l ding the cell wa s made from two semicircular ceramic' heater sections 

with the i ns i de and out si de packed with asbestos; a quartz windo was 

fastened to ea ch side (see Fig . 20) . The absorption measurements on 

this filter cell were ma de using the Berkeley Spec . Lab. l2- m plane 

grating at 90th order . Intensity measurements were made using neutral 

densi ty f ilters and equal time exposures on the same plate. Micro-

densitometer traces of the plates a re shown in Figs. 21 and 22. 

It vlaS deci ded favorable to r un the filt e r between 6900 and 7000 C. 

At 7000 C) the conditions of plate SO) exposure 1 of Fig. 22) about 50% 

of the A component was absorbed and an R ratio be tween 6 and S was 

produced . When .the hyperfine f ilter is inserted) and heated to the 

required 700
o

C) it was found that the attenuation in fluorescence was 

r,oughly a factor o f twenty . The lo sses came from the following factors : 

a factor of three f or removing the A+ line (,{hich is twice the int ensity 

of the AJ ') a factor of two for the attenuation of the A by the wings 

of the pressure broadened 20S line) and the remaining factor of three 

is a combination of geometrical i nsertion lo sses t oge ther with absorption 

• 
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XBB 678-4942 

Fig . 20. Hyperfine absorption filter cell can be seen inside 
of the oven. 
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Fig . 21 . Plate No. 79, expo sure 6 . Taken on U. C. Spec. Lab. 

12-m plane grating ; l03a-o emulsion. 
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Fig . 22 . Plate 80) expo sure 1. Taken on U. C. Spec . Lab . l2-m 

p l ane grating ; l03a-o emulsion. 



-81-

of Pb
208 

and Pb
206 

light which caused attenuation of the impurity 

fluorescence in the resonance cell. (The isotopic content of the 

207 208 206 . cell was 92 . 4% Pb ,5.48% Pb ,and 2.16% Pb .) The magnltude 

of the last effect, which also had bearing on all pumping tLme calcula-

tions, is discussed in Appendix IV. 

With an attenuation of x ~ 20, the gain from a better ratio of 

A_/A+ was largely lost. This system was then run with the hyperfine 

filter at several temperatures, magnetic sweep widths, sweep times, 

and rf field strengths. ~NO problems presented themselves. The first 

was tha t the Enhancetron generated enough of its own noise during an 

eight- hour run that it was not advantageous to run that long; further

more, the memory of the Enhancetron is only 216 bits and bare ly adequate 

for a lengthy run. The second was the lP28 RCA phototube. As the 

hyperfine fi lter decreased the fluorescence by a factor of twenty, 

the high voltage across the phototube was increased to produce higher 

gain to compensate for the reduced fluorescence. But it .Tas seen that 

the 120-cycle ripple on the lamp output, which was previously visible 

uIlder a twenty times greater l amp output, was buried in the photo-

multiplier shot noise no matte r how high the gain was raised. This 

was caused by the signal to noise of a photomultiplier being propor-

tional to the square root of the nQmberof electrons emitted from its 

photocathode . Or 

S / N 0: .JEJ::. . s 

.There E is the quantum efficiency of the photomultiplier and A is s 

the a rea of the photosensitive surface . The lP28 has an E ~ 18%, 

and em A ~ 0 . 29 square inche s. 
s 
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The first problem was solved by replacing the Enhancetron by a 

combination of a Vidar vo l tage to frequency converter and a RIDL multi -

channe l analyzer . This combination had : (1 ) a memory ten times l arge r 

per channel , (2) faster respon se and (3) the advantage of generating 

nearly imperceptible noise over a 12- hour integration. 

The second improvement was the replacement of the RCA lP28 by a n 

RCA 8585 phototube . The 8575 had a measuxed E = 32%, and a photo-

sensitive area 8 times as large (2 . 54 square inches), thus giving a 

f a ctor of 4 greater signal- to - noise stati stics . 

With the above improvements in the detection system, it was found 

tha t a considerable effort was need~d t o magnetically shield, with 

concentric l ayers of mu-metal , both the photomultiplier and the lead 

l amp against the variations of the slowl y (or sometimes r apidly) 

sca nning H field. I t was realized at this point the great advantage 
o 

to use a :requency synthesizer t o sweep the frequency Wo while keeping 

the fie l d H constant . With the additi on of the Keithley 103 amplifier 
o 

and the Leybold No . 46979 fi l ter (see Fig . 23) which separates the 

3639 R line , the detection system r eached its final shape as diagrammed 

in Fig . 14 . 

The light sources used were a Pb207 lamp (22 mm diamete r skin 

effect discharge) and a reversed Pb208 lamp (22 mm diameter) . See 

Jrigs . 7a and Th . 207 The Pb lamp produced a factor of five more 

fluorescence under best conditions than did the Link- type l amp . when 

used with the hf filter cell . This means that the Pb
207 

lamp excited 

five times more A_ fluorescence than the PbI2 natural Link- type l amp 

206 208 207 
even thou~h the total fluorescence excited (Pb , Pb , and Pb 
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A, and A ) was only half as much. Therefore this lamp could be used 
-;- -

with the filter cell to provide a source of A radiation (T ~ 3 sec) . 
p 

208 The r eversed Pb lamp could be used without the filter cell to provide 

a source of A+ radiation . With a cool intense Pb208 lamp (see Fig . 7b) 

a maximun fluorescence was produced corresponding to a 1.2- se c punping 

time . 

These light sources \.;ere used with three different cells, the 

unbuffered ceil, a cubical cell with 100- torr He buffer and a cubical 

cell with 10- torr He buffer. Runs were made for the usual temperatures 

440oc, 480oC, and 5200 C controlling the vapor pressure . In the case 

of the UL'1.buffered cell, where the vapor pressure of the sidearm was 

controlled independently of the main cell body, the cell body was 

heated t o 7500 C in order to reduce the cell wall adsorption time 

(see Appendix I) . According t o calculations in Appendix I, however, 

o a cell wall temperature over 1000 C may be necessary . 

For the light source and cell combinations listed in Table I) 

no signal vlaS seen . Ca lculations (see Appendix V) indicate that a 

r e l axation time T of greater than 10 milliseconds "l-TOuld have produced 

an ob servable signal in each of these cases . 

Tnis will be discussed in the next section . 
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Table I 

Light Source T Cell R 
p 

Pb207 IIskin effect" lamp 

with hf filter 3 sec 100 torr He 6-B 

Pb
20B 

10 ·5 100 torr He 1 
sec ' 10 

Pb20B cooled 2 sec 10 torr He 
1 
10 

20B 2 sec unbuffere d 
1 

Pb cooled 10 
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V. CONCLUSI ON AND :FURTHER WORK 

This effort is concluded at this point without a positive re sult, 

but with some ground work l aid for continued studies in atoinic lead . 

The problems in this experiment could have been reduce d with a 

lamp which was more ·intense. A promising method of increasing the 

intensi ty of the flow-lamp , sugges ted by Pro':t:essor Lurio, would be t o 

l engthen the front snout to prevent window co:ating and increase the 

heating of the lead oven by a dense packing of boron nitride insul ated 

heater wire. Another is of course the continued development of the 

electron beam light source discussed in Sec . III. 

The shortnes s of the r e l axation time « 10 msec) in the case of 
'" 

the unbuffered cell could have been caused by a wall adsorption time 

for lead (Tad ~ 10-3 sec) long enough to make disorientation on any 

wall collision highly probable (see Appendix I). Very little is known 

about either the adsorption time Tad for l ead or about the existence 

of special disorientating interactions between the cell wall and the 

lead 3Po spherically symmetric ground state. To study this it would 

be he l pful to increase the temperature of the cell wall (> 1000oC) to 

look f or a l engthening of the relaxation time T. A greater magnetic 

f i e l d H would be useful to increase the energy neces sary to destroy o 

ground state orientation. 

In the ca se of the cells filled with 10 torr and 100 torr of He 

buffer, the diffusion time for the Pb atom between wall collis i ons 

must be longer than 10 msecj while the time between Pb-He collisions 

would be f r ac tions of a microsecond (108 cOll/ sec in 10 torr He) . 

These collisions could cause mixing in the excited state (T == 5.7 X 109 SEC)j 
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~ ~ 
but unless they .decouple I and J by pressure broadening, the Pb would 

still be oriented even in the case of complete mixing (k = 0). Models 

of colli sions with buffer gases usually involve an interaction of 

~ 

either a quadrupole moment or of the orbital angular momentum N (of 

the two colliding atoms temporarily forming a molecule (Ref. BB66 

and TS55). The electric quadrupole moment induces a dipole moment 

on the buffer gas atom producing an interaction between the two moments. 

The 3Po lead ground state has no such quadrupole moment; therefore, this 

mechanism cannot enter. In the second case the coefficient of an inter-

action 
~~ 3 ~~ 

y I· N would be expected to be 10- smaller than yJ·N since 
n 

the nuclear magneton is 10- 3 smaller than the Bohr magneton. Neither 

of these models predict destruction of the Pb nuclear orientation on 

a bV.ffer gas collision; and more collision data would probably be 

nee ded before a new collision model with new selection rules could be 

developed . It is furthermore pos sible that the spherical symmetry of 

the 3Po ground state of Pb may be drastically changed; and the 106 

Pb-He collisions during a 10-msec period destroy the orientation . 

An interesting example of the destruction of orientation in a 

nonspherically symmetric state was the experiment on Tl orientation 

performed at IBM Watson by Lurio and Gallagher (L66). Professor 

Lurio achieved orientation of the 2P3/2 state of Tl by populating 

the state with 3776 ~ radiation and pumping the state with 3530 ~. 

He found that releasing a small amount of helium in the vicinity of 

the hot cell (700oC) allowed enough He to diffuse into the cell that 

the 2P3/2 orientation was immediately destroyed. The orientation was 

destroyed , but the state was not quenched. 
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Finally: little is known about the influence of the metastable 

states of Pb on the mixing parameter k. A study of collisions , orienta

tion and sensitized fluorescence in these states would yield further 

i nformation which could be used for accurate estimates of k. 
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APPENDICES 

I. The Effect of Wall Surface and Buffer Gas 

on the Longitudinal Relaxation Time T. 

I-lhen l ead atoms make collisions with the cell wall, they make 

contact with the wall for a time Tad which is longer than the elastic 

11"" t " (10- 12 ) co lSlon lme ~ sec • During this time Tad' the atoms move 

two dimensionally a long the wall surface while the wall magnetic field 

--7 --7 
interacts vli th the lead nuclear magnetic moments (~Pb • Hwall ) • Bouchiat 

and Bro sse l (B66) showed that the Hwall in a wall-coated cell was the 

effec t of the wBgnetic moment of the hydrogens in the (CH2)n group 

common t o a ll of their wall coatings. This was shown by replacing 

the hydrogen in the coatings by deuterium, and observing a five times 

longer relaxa tion time. A similar case should be true in a "good" 

. 0 
quartz cell at 500 C or greater. The quartz walls are diamagnetic 

and 5000 C is sufficient to evaporate a mono l ayer of paramagnetic 

oxygen coating the walls (D63) . 

The adsorption time is char ac terized by the expression 

Ead is a small ener gy needed to escape from the surface, and is propor-

tional to the heat of vaporization. The coefficient T is the characo 

te ri stic time of adsorption as the temperature of the ,.,all approache s 

-12 infinity-- this time is usually of the orde r of 10 seconds, the time 

for an e lastic collision without adsorption. The heat of vaporization 

f or lead and me rcury are in the r a tio of 46/14.6 (Ref . HOAR63). 
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The adsorption time for lead may be estimated in comparison to 

mercury; and the effect of this adsorption time on the orientation may 

also be estimated . Consi;dering the simplicity only the effect of the 

heat of vaporization on the adsorption time Tad' and disregarding all 

other factors, the ratio between the adsorption time of Pb and Hg 

become s: 

Tad(Pb) 

Tad (Hg) 
~ e 

[Ead(Pb)-Ead(Hg) J/kT 
, 

assuming Ead(Hg) ~ 0 .1 eV (BB66) and kT ~ 1/30 eV (or 150oC) 

Tad(Pb) 

Tad(Hg) 
8 3 

~ e ~ 10 

Quite little is knoWD . about these adsorption times (B53), and small 

errors in Ead can l ead to l arge differences in Tad . Walter (W62) 

suggests that observations in Hg pumping may lead to times of 

Tad(Hg) ~ 10-5 sec . 

150
0

C of Tad(Pb) ~ 

This would imply adsorption times for l ead at 

-2 
10 sec which is in rough agreement with Palatnik 

and Komnik in the USSR (PK59) who measured the optical density while 

condensing lead vapor on glass plates. The probability of disorienta-

tion from first order perturbation theory (S55) would be proportional 

to 

At 500oC, Pb woul d have only a 102 times Tad greater than Hg which 

means the probability f or transition would be 104 as high. This implies 

that a cell which has a Hg199 (r == 1/2) relaxation time of one second, 

207 / -4 will have a Pb (r == 1 2) relaxation time of 10 sec (one cell transit 
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time) . The above argument suggests that the cell wall adsorption time 

could have destroyed ori entation in the unbuffered cell with a T as 

- 4 small as 10 sec . 

The effect of buffer gas atoms on the relaxation time of oriented 

a l kali atoms has been a subject for many papers (Ac64) . The disorienta-

ting interaction was suggested by Bernheim (B62) and l ate r by Bouchiat 

~~ ~ 

and Brossel (BB66) to be of the f orm YS·N, where S was the spin of 

- ) 

the rubidium atom and N was the angul ar momentum of the , system of two 

coll iding a toms . T!le origin of this interaction was a coupling between 

the rotation of the two nuclei and the orbital moti on of the e lectrons. 

-) ~ 

In the case of l ea d, the L and the S coupled into a J = 0 ground 

~ 

state. Although N may be larger, since Pb having a greater mass, 

~~ ~ ~ 

N· J would still have been zero . If the Land S of the electron angular 

momentum may be decoupl ed on colli sion, then some mechanism could have 

destroyed nuclear orientation. As long as the state remained spherically 

- ) ~ 

symmetric, any equivalent N· I interaction should have been smaller in 

proportion to ~I/~B. 

Arditi and Carver (Ac64) gave an expression for the relaxation 

time as a functi on of a disorienting cross section cr, but observed that 

for He - Rb collisions cr was so small that the relaxation occurred through 

other processes . 
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II. Tunable Quarter Wave-Plate Relation 

Let a plate of thickness t be stressed by a nonzero stress u 
xx 

in the x direction, where z is the direction normal to the surface of 

the pl ate, x and yare vertical and horizontal in the plane of the 

plate . All other stress components are zero. Then the dielectric 

constant in the x direction may be written (Ref. LL60, p. 330, Eq. 

81.1) : 

and 

E 
xx 

= E(O) + (a + a )u 
1 2 xx 

E 
yy 

E zz = E 
(0) 

and all off diagonal elements of the dielectric tensor are zero. For 

normal incidence of the light in the z direction, the index of refrac -

tion me_y be written: 

for the ordinary ray 

n =~ e xx for the extraordinary ray 

the phase lag of the plate is then 

o = ~n: t (n - n ) 
f'. e 0 

for small values of (a
l 

+ a 2)uxx we have 

o = 2n: t[~(a + a)u n] 
A. 2 1 2 xx 0 

For a quarter-wave plate the phase lag 0 must be n:/2j therefore, 
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III. Calibration of Detection System Sensitivity Using: 

(1) Rubidium Pumping Cell and (2) Simulated Signal 

(1) In the first method the optical pumping signal was observed 

using a sidearm cell filled with rubidium and 80 torr of helium buffer . 

This type of cell may be placed inside the oven assembl y, and the main 

body of the oven may be r aised to a temperature of 4000 c. This observa

tion of the optical pumping of rubidium inside of the standard oven 

under conditions sLmilar to those used for pumping lead, shows that 

the oven assembly and magnetic field coils work. An optical pumping 

siN of 0.2 to 0 .3 (displayed on the Enhancetron multicha~~el analyzer) 

was increased to an siN of 10:1 by adding the lock-in amplifier. In 

other words a siN of a sw~ll signal buried in noise increased by a 

factor of thirty with the addition of a lock-in amplifier. On the 

other hand, if the siN was large enough so that the signal averager 

by itself could after many sweeps build the siN up to 7:1, the addition 

of a lock-in amplifier only increased the ratio to siN = 10 :1 after 

the same number of sweeps. 

(2) Using the lead pumping apparatus complete with all paraphernalia, 

a dummy signal is introduced in the following way. An auxiliary rubidium 

light, used only because it could be dependabl y modulated, illuminates 

the back window of the oven with light of wave l ength 4212 R. This li ght 

is reflected from the sides of the quartz absorption cell, through the 

filters, and into the detection photomultiplier . The lamp is modulated 

by the rf chopping frequency (43 cps) to simulate a variation in blue 

fluorescence dependent upon ~~ rf. A shutter, operated manually, was 
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opened at the middle of each magnetic field scan . The field was scanned 

at a sweep rate of 32 seconds per sweep. The magnitude of this " signal" 

can be attenuated using polaroids, filters, etc ., and the noise from 

the phototube (mostly lamp noise) can be measured directly. It was 

fOQnd after 25 sweeps of the signal averager that a signal to noise 

of roughly one could be extracted from a raw signal to noise of 0 . 025% 

( I - 4 s N = 2 . 5 X 10 ) . This siN follows, at least crudely, an enhancement 

proportional to the square root of the number of sweeps . Four times 

as many sweeps increases the siN by a factor of two. 
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IV. Impurity Absorption 

. 206 207 
The absorption from the 7 . 6% Pb and Pb impurity can be 

estimated using the exponential absorption f ormulae on page 100 of 

Mi tche ll and Zemansky (Ref. MZ61). The absorption coefficient of a 

gas is defi ned bY .K where the intensity after a distance x in the 
v 

absorption media is 

I 
v 

:::: I e 
o 

- k x 
v 

The absorption coefficient at the center of the resonance line is 

given by k 
o 

N i s the density of absorbing a toms , g2 and gl are . the statistical 

weighting factors of the uppe r and lower levels respectively, T is 

the lifetime of the upper state which is 5 .8 X 10-9 seconds, A. is 
o 

2833 ~, and 6vD is the Doppler width of the absorption line. 

If one takes T in degrees Kelvin, M in nuc lear masses and v 
o 

-1 
in cm 

then 6vD come s out in cm- l For T at 500oC, or 7730 K, one finds for 

Pb207 a Doppler width of 49 mK . Using the value of 1.6 X 10- 5 torr 

(Ref. E23) for the vapor pressur e o f lead at 500o
C, we find that 

k 
o 

-1 :::: 2 . 2 cm f or A_ where 

For a cell 3 . 2 cm in l ength , one sees that practically all of the light 

is absorbed . Now for the Pb208 and Pb207 impurity, the value of k J', 
o 
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is increased a factor of three for the g2 = 2j + 1 = 3 of the 3p~ 

state and decreased a factor of 0.076 for the percentage of the impurity. 

6 -1.6 B of 206 In t his case the k £ = 1. , and e = 0.20 or O~ of the Pb and 
o 

Pb20B light is going to be absorbed. Since the Pb206 and Pb20B light 

is 75% of the lamp output , roughly 60% of the fluorescence will be 

impurity fluorescence. 

This result is proportional to the density of atoms in the cell. 

The si dearm at a temperature of 4600 Cas in the first hyperfine filter 

. - 6 
cell absorption would have according to the Egerton curve, 4 X 10 

~k £ 20B 
torr. The k £ = 0.4 and e 0 = 0 .67 or about 33% of the Pb and o 

Pb
206 

light would be absorbed. In this case only 25% of the fluorescence 

would be impurity fluorescence. The vapor pressure from different methods 

vary by more than a factor of two, so to a rough approximation one may 

say tD~t as much as 50% of the fluorescence seen can be impurity fluores-

cence . Other measurements of : fluorescence from the absorption cell 

using a fi lter cell and a Pb207 lamp showing considerable self r eversal, 

as well as measurements through another nonpressurized Pb208 filter 

(see Fig . 24), are not conclusive in determining the amoUnt of impurity 

absorption . , They indicate however that the fluorescence from an absorp-

tion cell excited by a narrow unreversed PbI2 Link lamp shows approxi

mately 50% impurity absorption/fluorescence at absorption cell vapor 

temperatures in the 4500 C to 5000 C range. 
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V. Sample Calculations for Expected Signal to Noise 

Runs made with the unbuffered cell which was monitored by the 

RCA 8575 photomultiplier through the Leybold and Wratten filters 

(Figs . 17 and 23). A fluorescent voltage of 50 mV was seen with the 

photomultiplier supply set at 1000 volts. The gain of the photomultiplier 

tube at this voltage was 7.5 X 103 • Thus the pumping time from Eg. 

(IV- 2) became 

T 
P 

(2 .l~X 1010 cm- 3 )(3 cm)(0.5X 106)(7.5X 103)(0. 32)(1.58x 10- 3 ) 
0.05 

(0.27)(10 cm2 )(1.6 X 10- 19 ) 
X 

0.05 

:= 1.2 sec 

for the cooled Pb208 reversed lamp (see Fig. 7b). For R ~ 0.1 from 

Fig. 5) S ~ 0.2 AT. To find the signal which would have been registered 

on one sweep of the mul tiscaler) this expression must be multiplied by 

the following: 

0.050 the fluorescent voltage) 

250 for the gain of the Keithley 103 amplifier) 

5·4 for the gain of the "Lock-In" amplifier) 

105/2 for the Vidar which generate s 105 pulses out for 

2 V input • . 

This was fed into the RIDL which has its 100 cha~~els scanned in 50 sec 

which meant 0.5 a second is spent in each channel. And 

S ~ 2.8 X 105 T 

where S was the number of Signal counts, in one sweep cycle. This was 

run for 700 cycles with a noise which looked like 8 X 105 counts • . 
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siN ~ (2.8 x 105 T)(70o)/(8 x 105) 

siN ~ 240 T 

The observed siN ~ 1 or 

siN ~ 240 T ~ 1 

and the relaxation time was then 

T ~ 5 millisec onds 

To check the same experimental setup without using the "Locll:-In" ampli 

fier) the temperature of the lead reservoir was run at 4900 C to 500°C 

to increase fluorescence (and lead vapor density n) . The field was 

now swept at 5 seconds per scan instead of 50 sec. For a fluorescent 

voltage of 100 mV and a pumping time of T = 3 sec. 
p 

or 

s ~ 0.2 T (0.1 
3 sec 

~ 4 X 103 T counts in 200 cycles. 

s ~ 8 X 105 T counts and a noise of . N = 10
4

• 

siN ~ 80 .T ~ 1 

T ~ 12 msec • 

Other runs were made with the gain of the amplifiers as high as 

possible. Hadeishi pointed out that for a very small signal, the 

response of the electronic s could have been far from linear. Dummy 

signals, of a magnitude similar t o those expected, were handled quite 

nicely by the system. 

A picture of a RIDL display is shown in Fig. 25 . The curvature 

was caused by the magnetic field H being swept by a triangle from the 
o 

Exact function generator. 
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XBB 678-4940 

Fig. 25. RIDL output for 6.5-sec c y cle using a triangular 
function to sweep the magnetic field. The triangular 
sweep forces a signal to have an effect in both halves of 
the scan. No "Lock-In" was used for this scan. 
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FOOTNOTES A-l'ID REFERENCES 

1. The nuclear moment of this isotope was measured in a solution of 

lead acetate molecules by Proctor (p50) to be + 0.5837±0.0001 flI . 

nuclear magnetons. 

2. Many atoms in lso diamagnetic ground states have been optically 

pumped to achieve nuclear orientatfun. This was first acc omplished 

in Hg
201 

by Cagnac, Brossel, and Kastler (Ref . CBK58). Later it 

has been accompli shed in lSO states in other isotopes of Hg (C61) 

including radioisotope Hg197 (w63 and ws64). Some recent ones are: 

Cd
lll 

and Cdl13 by Lehmann aDfl Brossel (LB66), Zn67 by Spence and 

McDermott (SM67), Ba135 ,137 and Yt 171,173 by Kopf et ale (Koou66), 

Cdl07,109 by McDermott et a l e (sCM66). Also He3 ground state has 

been pumped via metastability exchange by Colgrove et ale in Texas 

and independently by Greenhow in England (Ref. CSG63 and G64). 

3. Saloman, on page 10 of Ref. s65, asserts that this is the case in 

his experiment. 

4. The lifetime of the 

The lifetime of the 

longer than the 5·7 

x 30 

3p~ excited state is 5.7x l O- 9 sec (sH66). 

metastable states can be crudely estimated as 

nsec by the following factor s: 

for the added factor in the magnetic 

dipole transition probability with ala 
o 

is equal to 1.75 for Pb; 

for the v3 factor in the transition 

probability; 

for the (1/n)3 factor f or the radial 

overlap factor (Refs. B64, p. 131, and 

H60) ; 

r 
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therefore, 

T(3Pl,2) ~ 1 X 10-3 sec • 

And decay by the radiative transition is small compared to collisions • 
. 

5. This is typical of a collision-induced decay. The branching to the 

ground state can in the case of the unbuffered cell be called k. 

6. Cagnac (C6l) in the pumping of Hg199 was able to get away from this 

problem by the use of a Hg204 isotope lamp which puts out only one 

line 5 mK away from the equivalent of the A line for Hg199. As 

will be seen in Sec. IV, a hyperfine absorption filter and a broadened 

source will be used in lead. 

7· A buffer pressure high enough to cause a pressure. dependent overlap 

of the .two hyper fine components, A_ and A+, can result in no nuclear 

polarization. The circularly polarized light, because it interacts 

~~ 

with the electronic structure of the lead atom, depends on the I.J 

hyperfine interaction in the excited 3p~ state to transmit its 

angular momentum (polarizat~on) to the nucleus. Any interaction 
~ ~ 

that decouples I and J (Ref. Koou66, p. 20) (i.e., the Pachen-Back 

effect of hfs, the radiative line width or pressure broadening of 

a buffer gas) will affect the nuclear orientation. 

8. The triangular condition of the Wigner-Eckart theorem cannot be 

satisfied. 

9. The iodine vapor lamp is from an idea of Professor Leo Brewer 

',. which was developed by John Link and Paul Cunningham of the Depart

ment of Chemistry, University of California, Berkeley (Ref. CL67). 

10. Available on special order. Ask for Mr. Williams. 

11. Perkin-Elmer measured this uniformity in index as &lIn 
-6 = 1.5 X 10 • 
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12. 'For lighthalancing, aWratten No. 39fiJ,.ter is placed over the 

"photomul tiplie;r to select out the re sidual 4058')\ and 3639 )\ light 

transmft:t~d by the liquid filter. The intensities are directly 
.'.' .. ~ .' . 

/ " . 
. " 

tied to the ,resonance ,line, but are, independent of ground state 

absorption. 
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