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The method of optical pumping of diamagnetic atoms with zero orbital angular momentum
(!Sy) has been extended to an atom with nonzero orbital angular momentum (P, yielding
Il yncorrected =0-5726(6) 1y. An expression for the signal is found and the complications

of branching to the metastables are discussed.

1. INTRODUCTION

The technique of optical pumping® has been suc-
cessfully applied to a large number of free atoms
in diamagnetic ground states with no orbital angular
momentum, i.e., 'S, states.? High-precision deter-
minations of nuclear moments have been possible
since the nuclear Zeeman effect is not masked by
a much larger hyperfine interaction. In addition,
the free-atom measurements suffer no chemical
shift. Of equal interest, optical pumping has per-
mitted a direct observation of the relaxation of the
nuclear polarization.?

This paper reports the extension of this 'S, opti-
cal pumping technique to a diamagnetic state with
nonzero orbital angular momentum, in particular,
the 3P, ground state of Pb®” % The present mea-
surement of the nuclear moment of Pb**? demon-
strates the applicability of the technique to pre-
cision determinations of the moments of 3P, atoms.
The surprising resistance to relaxation of the nu-
clear polarization of the 3P, state is also discussed.

The theoretical expression for the signal is de-
rived in Sec. 2. The apparatus is described in
Sec. 3. The data are presented and discussed in
Sec. 4. Earlier aspects of this work have been
presented previously.*’®

2. THEORY
A. Orientation Signal

A theoretical expression for the signal is desired
for the following experiment. Pb2°7(I= 1) atoms in
the ®P, ground state are situated in a static mag-
netic field of a few hundred G. Their density # is
sufficient to absorb a small portion of the incident
pumping light intensity consisting of the two 2833 A
hyperfine components A_ and A, (see Fig. 1). The
static field, incident radiation, and quantization
axis are collinear. There are then two ground-
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The apparatus is described.

state sublevels with populations », and n_, where
the signs refer to Mp=4+ 1. n, and 7_ are assumed
equal in the absence of optical pumping since the
latter produces a polarization much larger than
that of the Maxwell-Boltzmann distribution. Ex-
pressions are desired for the equilibrium optically
pumped orientation (n, —#_)/n and for the change
in transmitted light intensity when the sample is
disoriented by a resonant transverse radio fre-
quency field.

Define T, as the relaxation time between the
ground-state Zeeman sublevels. The transition
probabilities for absorption of right circularly
polarized light are proportional to the matrix ele-
ments | [F'M' |ler(1,1)| FM]|?, where er(1,1) is
one spherical tensor component of the electric di-
pole moment of the Pb atom.® The relative values
are given in Fig. 1. Let C be a constant such
that Cn_(2A_+A,) is the absorption by #_, and
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FIG. 1. Energy levels of Pb?"" (I=%) relevant to
optically pumping the 3Po ground state. The number
above each arrowhead is the relative absorption transi-
tion probability for right circularly polarized light
(AM F=* 1).
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Cn,3A, is the absorption by n,. Assume that
once the atom is in the excited state it has a prob-
ability k of returning directly to the ground state
without any collisional depolarization, and 1- %

of being depolarized by excited-state collisions or
by fluorescing to a metastable state. In the latter
case, assume no orientation remains when the
atoms are deexcited to the ground state. The rel-
ative reemission probabilities to the ground state
are shown in Fig, 2. The time evolution of n, is
then

i =~ == (n+ -3n)/T, relaxation

-Cn 3A absorption
+ 4+

1(1-
+Cln_(24_+A )+n 34 J2(1-k)

metastable de-
excitation

+C{2A n_3+A n 5+34 n }k,
reemission (1)

where 7, is the longitudinal relaxation time.?
With n,=3[nzl,~n_)], Eq. (1) becomes

i~k == ~n /T +1/T)
+nClA_-A -3k _-54)], @)

where the pumping time Tp is defined by
- 1
T,'=[A_+24 -3R(A4_+44 )]C. @)

The equilibrium polarization P is found from (2)
with 7, ~#%_=0:

P=ln -n)/n=[A_-A -3k(A_-54)]C

P Fzi/2 F=3/2
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FIG. 2. Reemission transition probabilities. The
relative probabilities for reemission from the 3P? ex-
cited state to the 3P0 ground state are given beside the
transition arrows.

x (1/T, + l/Tp)" . 4)

A signal can now be defined as the change in
absorption when the optically produced orientation
P is destroyed by a resonant rf field:

S= a(P=0)- &(P). 5)

It will be found convenient later to divide the signal
into its two resolvable hyperfine components [the
total absorption of Ay is @, =CA (n_+3n,); simi-
larly, @_=2CA_n_

S =a (P=0)-@ (P)
+ o+ +

= CA+(2n -n_- 3n+)= -nCA P, (6)

S =¢ (P=0)-¢a_(P)
=2CA (3n-n_)=nCA_P, ()
S=S++S_=nCP(A_ —A+), (8)
S=nC*(_-A)[A_-A -ir@A_-54)
x(1/Ty+1/T,) ©)
B. Discussion

It is immediately clear from (9) that the signal
vanishes for a hyperfine light-intensity ratio 4 +/A_
equal to 1 or (3~ &)/(3 - 5k). In addition, it is
very small in the region between these two zeros,
as seen in Fig. 3. The values of 2 were chosen
as follows: k=1 corresponds to no branching to
the metastables and no excited-state disorientation
(the case for the 'S, states previously pumped),
k=0,217 is the measured’ branching to the ground
state with no excited-state mixing, and £=0 is the
case for complete disorientation in the excited
state for arbitrary branching (since disorientation
in the excited state is assumed equivalent to dis-
orientation in the metastable state). For an evacu-
ated cell, % is expected to be 0. 27, for which the
signal very nearly vanishes for A_/A+= 0.5-1.0.
Unfortunately, the ratio from most lamps fails in
this region. The theoretically expected ratio with
no self-reversal is A_/A,=0,5. Most lamps emit
more useful light when some self-reversal is per-
mitted,; A_/A+ then increases since A, is absorbed
more strongly than A_. Often the maximum output
is achieved when these components are equal,® The
signal is also small for A_/A,=0,5-1.0 in the case
of complete excited-state disorientation. In addi-
tion, a high density of buffer gas was avoided in
the early work because of the fear that the excited-
state hyperfine coupling might be broken. This
coupling is essential to orientation of the nucleus:
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FIG. 3. Signal strength versus the hyperfine com~
ponent A_ of the pumping light with the branching ratio
k to the ground state as parameter. The light is nor-
malized such that A_+A, =1. See Eq. (9).

The angular momentum of the polarized light is
transferred to the electron by optical absorption
and to the nucleus by the electron-nuclear hyper-
fine interaction.

Another approach to enhance the signal is to in-
sert a hyperfine filter between the lamp and cell
to eliminate one of the hyperfine components,
Large signals would then result; see Fig, 3, with
A_=0or 1. However, the insertion of such a fil-
ter (described in Sec. 3) results in an order-of-
magnitude reduction in the transmitted light,
Taking the hint from the work on optically pumping
srt ions,® the possibility of placing the filter be-
tween the cell and detector was investigated. If

T 1

FIG. 4. Strength of the hyperfine component S_ of
the transmitted signal as a function of A_ with A_+A4,=1.
The circle indicates the approximate operating condition
for most of the resonances used in the moment deter-
mination. See Eq. (7).

there were no metastable branching or excited-state
disorientation (i.e., k=1), such a placement would
be preferred since both hyperfine components pump
in the same sense and the pumping time would be
minimized. It is shown in Fig. 4 that, even for
the Pb case of =0, 27, reasonably large signals
are predicted for the readily attainable values
A_/A,=0.67-1.0 (A_=0.4-0.5, forA_+A,=1)
provided only the hyperfine component S_ of the
signal is observed. The signal was first observed
and most of the data taken under these conditions;
variations are discussed in the following paper.

C. Linewidth

So far, the discussion has been limited to the
magnitude and sign of the signal. For negligible
inhomogeneity in the static field H, and low inten-
sity, the polarization as a function of rf field H, is®
is®

247 2
_ (A1 222 _, )2 Y°H°T,
P=pP, [1 (Tz viH 2 /7 )((u Vo) + 7T + —_—

>-1] =A[1+(—y%;;‘>2]-1+3, (10)

where v is the frequency of H,, yH,=v,; and T, and T, are the longitudinal and transverse relaxation times.
The full width at half-maximum L is then defined by

L= (nT,) 2+ (y/m)%(T,/T,)H,> . (11)

A Lorentzian fit to the data can then be used to place a lower limit on T, if it is too long to produce suf-
ficient broadening to be detected in the presence of inhomogeneous field broadening. Information on

T, is much more difficult to obtain by linewidth methods, but usually 7, <T,. Some indication of the value
of T, can be gained from the magnitude of the signal but this is obscured by the spectral profile, as dis-
cusscd in Sec. %A and 2B,
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3. APPARATUS

The block diagram of the experimental apparatus
is shown in Fig. 5. The components are described
briefly below.

A. Lamp

The most crucial component in this (and most)
optical pumping experiment is the source of reso-
nance radiation. A flow lamp similar to that de-
veloped at Columbia,!® but excited by microwaves,
was found to produce 5 or 10 times more fluores-
cence in a cell of Pb vapor than an electrodeless
lamp. Similar results have been reported by Salo-
man and Happer,” Churchill has developed a flow
lamp of simpler and sturdier construction, which
operates for days without attention. The 0,015-in,
molybdenum filament delivers 500 W for weeks be-
fore failing. Details of the construction and opera-
tion will soon be available,!!

B. Circular Polarizer

Since the nuclear spin of Pb?" is 3, noalignment!?
is produced by unpolarized light. The production
of an orientation’? requires elliptically polarized
light. A Polacoat PL-40 linear polarizer'® (#20%
transmission at 2833 A) and a stressed quartz
quarter-wave plate!® suffice for an effective circu-
lar polarizer.
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C. Cells

The Suprasil quartz absorption cells were con-
structed by Pyrocell,’®> The cells were not cleaned
in any way before use. A few tens of milligrams
of Pb**"-geparated isotope!® were placed (in air)
in a sidearm which was then attached to the cell
through a 1-cm-long x1-mm-diam capillary. The
cell was attached to the vacuum system through a
5-cm-long X1-mm-diam capillary. Resonances
were studied in two cylindrical cells; 3 cm diam
X 5 cm long and 1.8 cm diam X 2.5 cm long.

D. Static Magnetic Field

A constant magnetic field of 100-500 G was ob-
tained from a set of coils manufactured by Eastern
Scientific Instruments. The water-cooled coils
are alternate layers of aluminum and Mylar en-
cased in epoxy with an inside diameter of 25.5 cm.
Their configuration is intermediate between Helm-
holtz and solenoid. A Hewlett-Packard 6269A
power supply provided the approximately 10.4 G/A
with better than 0, 1% stability over several hours.

E. Oven

The oven, mounted inside the static-field coils,
consists of a 15-cm-diam X 12, 5-cm-long water-
cooled shell, insulated by Cerafelt (Johns-Manville)
from a hollowed out 10-cm-diam x 10-cm-long
copper cylinder. An American Standard BXA1-
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B50-11, 5M heater is wrapped around each end of
the copper cylinder, which is divided in half for
easy insertion of resonance cells. Only nonmag-
netic materials were used in constructing the oven.
The field produced by the heaters is about 30 mG
at the highest temperature attained, 725°C. A
BXA1-B18-12M heater was used around the top
capillary and the sidearm. The top, cell, and
sidearm temperatures were monitored by Pt-10%
Rh thermocouples.

F. rf Field

Inside the copper cylinder are situated the two
rf coils, each of four rectangular (5 X 7 cm) turns
of 1-mm-diam silver wire. The radio frequency
was generated by a digitally controlled General
Radio 1164 frequency synthesizer, amplitude modu-
lated!” at 10-250 Hz for phase-sensitive detection,
stepped down by a factor of about 150 by a trans-
former, amplified by a General Radio 1233-A,
further amplified by a Krohn-Hite DCA-50R, and
impedance matched to the coil by a Krohn-Hite
MT-56. This system produced a linearly oscil-
lating field with peak amplitude H, of about 20 G.
After the resonance was found, fields of 10-1000
mG were used; the Bloch-Siegert!® shift (H,/2H,)?
was then less than 107* at all times, i.e., negli-
gible.

G. Hyperfine Filter

The purpose of the hyperfine filter is to absorb
most of the light emitted from 3P? (F = $) to 3P,
(F=3), labeled A in Sec. 2A and Fig. 1, while
transmitting most of the 3P} (F=3) to °P, (F=3%
light A_. Figure 6(a) displays both the theoretical
peak intensities'® expected for a natural lead lamp
and the observed spectral profile which is broad-
ened by the Doppler effect, self-reversal in the
lamp, and by the instrumental width of the Fabry-
Perot interferometer.?® This profile immediately
suggests the use of a pressure-shifted absorption
cell to eliminate A, in a manner similar to that
employed in other elements.?! That this should
work was substantiated by much earlier work by
Clayton and Ch’en?? giving a shift for Pb 2833 A as
0.188 cm™ (violet) per unit relative density of he-
lium, They do not report the broadening for Pb,

but for Ag the broadening is greater than the shift.
The hyperfine filter consists of a 3-cm-diam

x 5-cm-long quartz cell (with capillaries like the
resonance cells) heated to 650 °C. The sidearm
containing the Pb®°® isotope®® was situated in the
thermal gradient between the heaters and water-
cooled shell; its temperature was probably about
550 °C. The absorption by the Pb*® without helium
is shown in Fig, 6(b). The addition of 400 Torr of
He (measured on a room-temperature gauge in
communication with the hyperfine-filter absorption

°°eooo°°
o°  208%
° 52 °
o °
Oo °
0°9°%000° °
o
° (o) 206 °
-— ° °
g ° 25
z A,
s A_ 204 147|
3 7.3) 1.4, |
b -.345 -153-081 0 .098
-
@ °% °°°
@ ° °
< ° ° °
- o0, ° ° o °
S o° °°oe° %0 °
a
.5 '°° °°
o (b)
[
o
3
w
a
>
x
g oo
w °
-]
o
L]
o
°°° o
°°° (c) °
©oo0 °
o°o°°°°°o°oo° o°
1
-.48 (o] 0.22
V-V,0g (cm™"

FIG. 6. Fabry-Perot spectral scans demonstrating
the efficacy of the hyperfine filter. The three curves
have different vertical scales. The apparent shift of
A_ in (¢) from (a) and (b) is believed to be instrumental.
(a) Profile of natural Pb lamp with cold hyperfine filter.
The maximum intensities expected from isotopic abun-
dance and assuming no self-reversal are shown by the
vertical lines. (b) Pb%® absorption by hyperfine filter
cell at 675 °C (Pb?”® in sidearm was probably under
600°C). (c) Same as (b) with the addition of 400 Torr
of He.

cell) shifts and broadens the Pb?*® absorption re-
sulting in Fig. 6(c). The shift is expected to be
only 0.03 cm™ compared with the 0,098 cm™! dif-
ference between the Pb?*® peak absorption and A ;
apparently the broadening is somewhat greater.

The helium diffuses through the hot quartz cell
in a few days; the 1-liter helium flask left open to
the cell served as a ballast.

H. Data Averager

The averaging system was designed for day-long
runs in order to search effectively for very small
signals. The basic idea is by now rather standard.
One obtains long-term averaging by sweeping
through the resonance repetitively. In this case,
the Digital Equipment Corporation PDP-8 computer
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provides the necessary memory. In addition, it is
much more flexible than conventional pulse-height
analyzers. Some of the features incorporated in
the present system which are often absent from
hard-wired averagers are: choice of any number
of channels from 1 to 200 (many more if data re-
duction routines are eliminated); stop or print-
continue or print-clear-continue after any number
of cycles between 1 and 4095; option to subtract
background after each cycle; up-only or up-down
scanning option; 12-bit analog control (for example,
Fabry-Perot) or 27-relay digital control (for ex-
ample, synthesizer) of external devices; stop at
completion of current cycle when any channel is
filled; simultaneous display of both groups; sub-
traction of one curve from another; neat permanent
digital (teletype) and visual (oscilloscope photo-
graph) record of each run if desired; and display
of all channels while accumulating (this is very
helpful when the time per channel is longer than
0.1 sec). The greatest advantage of a computer
system is its ability to analyze data on line. In

the present experiment, a least-squares Lorentzian
program determines the best-fit values and uncer-
tainties of the background, peak, center frequency,
and width [see Eq. (10)]. This program typically
takes 10~20 sec for 25 channels and can be used
while accumulating new data in the other group.
Immediate data analysis is not only convenient but
also saves time by permitting immediate reinvesti-
gation of questionable results and further scrutiny
of unexpected trends.

I. Detector

The 2833 A transmission was monitored with a
1P28 photomultiplier tube. Use of only the first
four dynodes yielded good secondary emission
statistics at each dynode without saturation. A
2800 A filter with a 125 A half-width discriminated
against some of the background light.

4. DATA

A. Detection and Relaxation of Orientation

One of the resonances obtained with the system
of Fig. 5 is shown in Fig. 7. It was observed in
an evacuated cell with the hyperfine filter, operat-
ing, as in Fig. 6(c), between the cell and detector.
This corresponds approximately to the operating
condition of the circle in Fig. 4(a).

The linewidth at low rf power can be used to
place a lower limit on the average number of wall
collisions N required to disorient the nuclear spin.
A lower limit on the transverse relaxation time
T, is given by [see Eq. (11)]

T,=(mL)?* , (12)

INCREASE IN ABSORPTION —

1
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FIG. 7. Pb 3P0 ground-state optical pumping resonance.

This is one of the resonances used in the determination

of the moment (see Table I). The proton resonance
frequency was 2.3298 MHz (547.2 G). The best-fit pa-
rameters for a thoeretical curve (solid) of the form of

Eq. (10) are: amplitude A= (5.524+0.176) x 10%, back-
ground B=(0.192+0.111) x 10°, center frequency v,
=(477558.6 +9.2) Hz, and width L= (613.0+40.0) Hz.

where Lis the full width of the resonance at half-
maximum.® The mean time of flight T, between
two wall collisions is

T, = (4/5)(v/S), (13)

where 7 is the mean thermal speed and V and S
are the volume and area, respectively, of the
cell.*®* Assuming that the dwell time on the wall
is short compared to the flight time and that 7,
=2T,, the average number or wall collisions re-
quired to disorient the nuclear spin is

NETI/TU >7S /4TLV . (14)

Linewidths as narrow as 250 and 500 Hz have
been observed in the large and small cells, re-
spectively; this implies that N must be greater
than 16 and 14, respectively. The probability for
nuclear-spin relaxation in a single-wall collision
is then low for the °P, state of Pb. This is in con-
trast to the alkali *S, , case where practically
every collision completely disorients the electronic
spin.?* In buffer-gas collisions, the alkali 2P ex-
cited states relax much more rapidly than the

%S, o ground state. This fact has led some authors
to emphasize the importance of zero orbital angu-
lar momentum in achieving long relaxation times.
It has also led to informal predictions of failure
for any attempts to optically pump the 3P, state of
Pb since its orbital angular momentum is nonzero.
This work demonstrates unequivocally that the nu-
clear orientation of an atom with nonzero orbital
angular momentum but with zero fotal electronic
angular momentum T can relax very slowly. This
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is even more dramatically illustrated by the fail-
ure of 400 Torr of any of the rare gases to produce
appreciable depolarization, as discussed in the
following paper. The physical argument for ex-
pecting slow relaxation in the *P, state has been
given previously.? In the evacuated case, one
would not be surprised if the relaxation were rapid
since a long dwell time on the wall would ensure
complete depolarization. But, as in the Hg 'S,
case, the dwell time is sufficiently short that the
depolarization probability per wall collision is
much less than unity.

B. Nuclear Moment of Pb2°’

The technique described above for optically pump-
ing the 3P, ground state of Pb?%” has been applied
to a precision determination of the nuclear mo-
ment. The uncorrected moment | Kyl
is given by

uncorrected

I“IIuncorrected =Ihv/H0 ’

where I= é, v is the resonance center frequency,
and H, is the magnetic field. The principle of the
measurement was to alternately determine the
resonance frequency by optical pumping and deter-
mine the magnetic field by proton resonance with
a Magnion G-502 NMR Gaussmeter and Hewlett-
Packard 5245L Counter. A bellows in the vacuum
line between the pump and cell permitted place-
ment of the NMR probe in the position of the cell.

TABLE I. Summary of nuclear moment data.
nuclear moment of Pb?"" (I=4%).

GIBBS, CHANG, AND GREENHOW
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More than an hour was required for the oven to
cool or heat between the frequency measurement
(600 °C) and the field measurement (25 °C). The
oven was constructed of nonmagnetic materials

to avoid a change in field with temperature. No
shift in the NMR resonance occurs if the cold oven
is removed. That the current in the heaters make
no contribution has been verified by noting no shift
in the NMR resonance when the heaters are on.
Nor is a shift observed in the optical pumping reso-
nance when the heaters are turned off. All other
conditions of the experimental equipment were the
same for the frequency and field measurements.

Data were taken in both the small and large cells,
in magnetic fields of 350 and 500 G, with left and
with right circularly polarized light, and for a
range of rf-field intensities. None of these changes
in experimental conditions noticeably affected the
deduced moment.

The data and final results are summarized in
Table I, yielding | py(Pb®)| /oo recteq= 0. 5726(6)
Ky, where the error is determined by linewidth
limitations and lack of confidence in the field mea-
surement. See Fig. 7 for one of the resonances
used in the moment measurement,
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