174 MANY-BODY CALCULATION 23

‘H. P. Kelly, Phys. Rev. 144, 39 (1966).

5p. W. Langhoff, M. Karplus, and R. P. Hurst, J.
Chem. Phys. 44, 505 (1966).

83. Lahiri and A. Mukherji, J. Phys. Soc. (Japan) 21,
1178 (1966).

'R. P. Feynman, Phys. Rev. 56, 340 (1939).

8E. 8. Chang, Ph. D. dissertation, 1967, University of
California, Riverside (unpublished).

SWe wish to thank Professor H. P. Kelly for calling our
attention to this point.

A more complete list is given in Refs. 3 and 8.

R, M. Sternheimer, Phys. Rev. 96, 951 (1954).

24, Salop, E. Pollack, and B. Bederson, Phys. Rev.
124, 1431 (1961).

88G. E. Chamberlain and J. C. Zorn, Phys. Rev. 129,
677 (1963).

1. Dalgarno and R. M. Pengelly, Proc. Phys. Soc.
(London) 89, 503 (1966).

15G. M. Stacey, Proc. Phys. Soc. (London) 88, 896
(1966).

8. Murakawa and M. Yamamoto, J. Phys. Soc. (Japan)
21, 821 (1966).
_ﬁThe contribution from diagram 1(j) is comparable with
that from 1(h) but does not have to be considered specifi-
cally in the subsequent discussion because it leads to
diagram 2(c) which is identical with that resulting from
1(h). All remarks about the relative importance of 1(h)
then apply to 1(j).
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The ratio of the nuclear g factor to the electronic g factor in the ground electronic state
of free Rb®+%7 atoms has been determined using optical pumping techniques in a magnetic
field of <50 G. Typical linewidths were <15 cps. The linewidth contribution due to magnetic
field effects was less than 1 cps. The ratio of electronic g factors for the Rb isotopes was
also measured. The results are -g7 /g7 (Rb™) =4.9699147x (1 0.9% 10-%x 1074,

-g7 /8 (Rb™) =1.4664908x,(1+2.1x 1079 x10~, and g; (Rb®) /g ; (Rb™) = 1.000 000 004 1

X (1+6.0 X 10~%, These results were obtained from evacuated wall-coated cells having the
Lorentzian line shape. Cells filled with inert buffer gases exhibited small, uncontrollable,
systematic error due to non-Lorentzian line shape. In both types of cells, the Zeeman
resonances exhibited frequency shifts proportional to the pumping-light intensity. The ratio
&r (Rb%) /gI (Rb®") =0.295 0736 X (1 2.3X 10"6) was obtained by combining the results above.
The combination with results of other researchers yields the chemical shift of Rb* in aqueous

solution relative to the free atom as Ac(Rb™*

/Rb)=-(211.6 + 1.2) x10~%, Absolute values in

units of the Bohr magneton for the shielded nuclear moments are derived using only g-factor
ratios for free atoms: g7 (Rb®)=-0.9951414%1073% (1£1.0%107%) and & (Rb%) = -0.293 6400

X1073x (1£2.2 x10-9),

1. INTRODUCTION

The basic motivation for this work followed from
the desire to measure ground-electronic-state al-
kali gy ratios to high precision using optical-pump-
ing techniques incorporating the advantages of wall-
coated evacuated cells. Earlier efforts! using the
Rb isotopes were limited in resolution primarily
by the applied magnetic field. The work to be re-
ported in this paper is unique in enjoying a field
improved beyond the point where it contributed sig-
nificantly to the system resolution. In experiments
using this improved apparatus, when the then-
latest atomic-beam? determination for g /gJ(Rb85)
was used in the Breit-Rabi equation to fit experi-
mental data, the g value derived from AF=0
Zeeman transitions in the F=3 level complex dif-
fered significantly from the value for the F=2
level complex. Accordingly, our experiment was

inverted to determine the &y /g 7 ratios for the Rb
isotopes. Following publication of preliminary
results, 3 two other experiments 4 5 were initiated
whose results confirmed our conclusion that the
earlier g; /g;(Rb®) value was in error. This pa-
per reports the final results for our measurement
of g,/ yin Rb%87 and of &y (Rb®) /g ; (Rb7), The
high resolution of the experiment permitted the
first observation of shifts in the AF =0 Zeeman
transitions of Rb induced by the pumping light.

II. THEORY
The energy levels of the 25 ,,, electronic state of
an alkali atom in an applied magnetic field, H, are
assumed to be represented by the effective Hamil-
tonian

:}c=hafeJ+gJqu -ﬁ+g1uof-ﬁ (1)
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where a is a hyperfine interaction constant, and
gy=~uy/loJ and gr = uy/u,I are the electronic
and nuclear gyromagnetic ratios respectively. The
appropriate values for these "constants' are to be
determined by the atom and its environment. Thus
without having to write explicit perturbation terms
involving excited states, the effect of certain en-
vironmental perturbations on the atom can be in-
corporated into the effective Hamiltonian by using
experimentally determined constants (which may
differ from those of the free atom)..

The various energy levels within the electronic
ground state are given by the Breit-Rabi formula.
Using F,=I+ 3 and F_=1~- § for the allowed values
of the total angular momentum, the frequency of
a Zeeman transition (AF=0, |AMf|=1) is

V(F+;WLF"’ me= 1)=¢qu0H/h
dm x 172
Ay F
g {(“‘271“1””‘2)

/2
- (1 + +x2\3 , (2

with x=(g; —g7)u,H/hAv where i, is the Bohr
magneton, % is Planck's constant, and Av is the
zero-field hyperfine separation |(27+1)a/2!. The

quantities u,g H/h and 1, ;H/h hereafter will be
fe)ferred to as VI and vy respectively. From Eq.
2),

4(mF— 1)x
2I+1

V1=§ [V(F+;mF<—-—mF— 1)

—V(F_;mF~mF—1):‘~ 3)

This is then just the resonance frequency of the
(shielded) nucleus in the applied magnetic field.
For Rb# (I=3/2), there are two such frequency
differences which can be used to determine v,.
For Rb® (I=5/2), there are four such frequéncy
differences.

Since the zero-field hyperfine separation Av is
known to precision adequate for our case, the
Breit-Rabi formula can be viewed as a relation be-
tween vy, vy, and the experimental frequency of
a transition of specified F and m F in the alkali
atom of interest. Given measurement of two dif-
ferent transitions then, one has enough information
to solve for both v; and vy at a given magnetic
field or, more to the point, to determine the ratio
VI/VJ=g1/gJ. The mechanics of this process
are handled by a simple FORTRAN routine in de-
termining our final experimental results. A use-
ful alternative method involves summing all Zee-
man transition frequencies in the upper hyperfine
level complex:

mF=+(l+ 1/2)
z: V(F+;mF.-.mF—1)=VJ+21VI. (4)

mp=-= (I-1/2)
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This sum and v; from Eq. (3) permit determina-
tion of v;/v;. This alternative method is use-
ful for céecking raw data at the time the experi-
ment is being performed; its disadvantage is that
more frequencies must be measured, and it was
used only as an occasional check of data.

The sign of g; can be determined using Zeeman
transitions only and the Breit-Rabi equation. The
simplest case occurs when the magnetic field is
low and the quadratic splittings are small. With °
sufficient resolution, two groups of Zeeman reso-
onances structured by the quadratic splitting are
observed when I >1/2, One group corresponds to
resonances in the F, =1+1/2 level complex; the
other, to resonances in the F_=I - 1/2 level com-
plex. I the nuclear g factor is negative, the F _
resonances will be higher in frequency than the
F resonances by 2/v;l. The F, and F_groups
can be distinguished by counting the resonances
in each. The sign determined in this experiment
was consistent with the earlier determination of
NMR.7

III. APPARATUS

A schematic diagram of the apparatus is shown
in Fig. 1. The applied magnetic field was pro-
duced by a precision-wound solenoid, 36 in. long
and 10 in. i.d., surrounded by a cylindrical nest of
three Molypermalloy magnetic shields. Correc-
tion coils were provided for compensation of field
inhomogeneities. The coils were designed to pro-
vide reasonable orthogonality between adjustment
of the various coils.® In an applied magnetic field
of ~50 G, the Rb?? Zeeman transition linewidths
extrapolated to zero light intensity were ~5 parts
in 107 of the transition frequencies in a 100-cm?
sample buffered with 148-Torr He. This provided
a measure of the spatial homogeneity of the mag-
netic field.

A constant current supply was used to drive the
solenoid. The long-term fractional current drift
was <1 part in 108/hr and the shortterm current
noise was ~1 part 107, The noise limit was de-
termined by the noise of the feedback amplifier.
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Schematic diagram of apparatus.
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The magnetic field was stabilized by an indepen-
dent optically pumped Rb magnetometer. The fre-
quency of the strongest Rb®” ground-state Zeeman
transition was locked to a frequency synthesizer
having a stable crystal oscillator for its time base.
Phase modulation at a 15-cps rate was used so that
the magnetic field itself remained unmodulated.
The locked-field fractional stability was better than
2 parts in 108/hr.

The optical-pumping apparatus used Dehmelt's
transmission-monitoring technique.® The light
source was always operated in the same magnetic
field as the sample, and the light was sufficiently
stable to allow direct coupling of the signal through
the amplifier and lock-in detector. The rf field
at the main sample cell was supplied by a frequen-
cy synthesizer which could be either frequency-
modulated or amplitude-modulated (AM) at the
rate of 2.5 cps. The Si-photodetector signalatthis
frequency was amplified and fed to a lock-in de-
tector whose output was displayed on a chart re-
corder. The frequency was determined by count-
ing over a 10-sec period. A digital-to-analog
converter was used to record the frequency on the
second channel of the chart recorder.

Both evacuated wall-coated!® cells and cells
filled with various pressures of He or Ne buffer
gas were used. Paraflint-type RG, !! tetracontane,
dotriacontane, and eicosane wall coatings were
used in evacuated cells with volumes of 100 or
200 cm3. The wax was applied either by intro-
duction directly on the wall or by evaporation from
a heated wax carrier at the center of the cell.

Rb metal was located in a side arm and entered
the cell volume through an aperture <1 mm in
diameter. 2 At a resonance frequency of ~36 Mc/
sec, Rb?7 linewidths extrapolated to zero light in-
tensity were between 5 and 14 cps depending on the
particular cell used. Linewidths for cells with
the same geometry and wall-coating material were
not the same. Experimental evidence indicates
that the linewidth of most of the wall-coated cells
was dominated by wall relaxation. In such cells,
the (motionally narrowed) linewidth due to mag-
netic field inhomogeneity was apparently <1 cps.
Figure 2 shows typical AM line shapes obtained

in the two types of cell. The indicated points rep-
resent a Lorentzian fit to each curve.

IV. PROCEDURE

With the applied magnetic field locked to a sta-
ble frequency, the inhomogeneity correction coils
were adjusted by observing the strongest Rb®” res-
onance on an oscilloscope. When a buffer-gas
cell was in use, the line shape and linewidth were
sensitive functions of the coil settings. Final ad-
justment was made by recording the (AM) line
shape and adjusting the shims for optimum line
symmetry. For buffered cells this criterion was
adopted in preference to maximizing signal height
or minimizing linewidth, With wall-coated cells,
optimum linewidth was not a sensitive function of
the settings of the correction coils, and line shapes
were well represented by a Lorentzian curve.

Buffered
Gas

Evacuated
Wall -Coated

Rb%7 experimental line shapes in buffer gas
and evacuated wall-coated cells. The points represent
a least-squares fit to a Lorentzian line shape.

FIG. 2.

Data for determination of resonance line centers
were taken by using the chart recorder to obtain
the FM signal amplitude at several discrete fre-
quencies in the line-center region. After the run
was completed, the line-center frequency was
determined from a displacement-versus-frequency
plot. The discrete-frequency recording technique
avoids possible phase shifts incurred by contin-
uous tuning through the resonance. The measure-
ment of a typical pair of Zeeman-resonance line
centers to +0. 15 cps required ~5 min. Repeti-
tive measurements were made by alternating suc-
cessively between the two transitions being inves-
tigated. Typically, four line-center determina-
tions per transition were made at a given light
intensity and sense of polarization. This proce-
dure was repeated for at least four light intensi-
ties. In this way extrapolation to zero light in-
tensity was eventually possible. The series of
measurements was repeated for all pairs of tran-
sitions which had a sufficient signal-to-noise ratio.
Finally, the measurement program was conduct-
ed at each of the two senses of circular polariza-

“tion available in the optical pumping light.
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V. RESULTS
A. Measurement of g;/g; (Rb%5:87)

As an example of typical data, Fig. 3 shows the
gr1/g 7 ratio as a function of an arbitrary measure
o{ the incident light intensity for Rb87 in the 100-
cm?® evacuated, Paraflint wall-coated sample A.
For the sake of clarity, only one of the two pos-
sible Rb®", vy frequency differences at a given
polarization of incident light is plotted. The Rb
lamp and the absorption cell both contained Rb of
natural isotopic abundance and were in the same
applied magnetic field of 50 G. The incident light
intensity was monitored by a Si photodetector
positioned to intercept a portion of the light beam
incident on the sample (see Fig. 1). In this paper,
the sense of circular polarization is defined to
be plus or minus if the selection rule appropriate
to the absorption of the pumping light is Amp
=+1or-1, respectively.

The Hamiltonian of Eq. (1), and the transition
frequency it implies, Eq. (2), does not include
possible perturbations caused by the incident
pumping light. In analyzing the experimental
data with this (incomplete) Hamiltonian, each
Zeeman transition exhibited a different frequency
shift, linear with light intensity. The frequency
difference between appropriate pairs of transitions
used to determine vy was therefore a function of
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FIG. 3. Measured g;/8; (Rb¥) as a function of
incident light intensity in 100-cm? evacuated Paraflint cell
cell A at 50 G. Straight lines are least-squares fitted to
the experimental points. Both cell and lamp contain Rb
of natural isotopic abundance. The arrow and accom-
panying error bar represent the weighted mean of all
wall-coated-cell extrapolated data and its weighted rms
deviation.

-10'%g, /g (Rb85) - | 466 00O. -10'%xg,/g, (Rb87) -4 969 000.
F » o ©0 %] 9o

H
S 8 8 g 8 8
! T T T T —
'o 1
\ 1
)
! 100 cm3 !
! PARAFLINT F—Or—  Ro&7 LAMP
! CELL A :
i ———O———y
i 200 cm3 ' 16 GAUSS
i PARAFLINT *"CH:
\
1 !
o 100 cM3 -
! PARAFLINT ;
O+ CELLB —o-H Rb TEMP 26°C
1 1
; 100 cM3 ot
' TETRACONTANE i
; :
FA RO~  Rb TEMP 27°C
H ]
! 200 cM3 i
—O—— DOTRIACONTANE OH
i |
i s !
M3
! EICOSANE H?-'l Rb 87 CELL
F-O=d O

FIG. 4. Summary of g7/gy(Rb) results after extrap-
olation to zero light intensity in evacuated wall-coated
cells. Data were taken at 50 G, at a temperature of
35°C, and with natural-abundance Rb in both cell and lamp
lamp unless otherwise noted. Error bars represent
weighted rms deviations. Dotted lines refer to weighted
means quoted in the text.

the incident light intensity. In Fig. 3, after using
a least-squares fit to a straight line, the results

of extrapolation to zero light intensity were con-
sistent at both senses of polarization. Such extrap-
olations were in good agreement with the weighted
average of all wall-coated-cell extrapolated data,
indicated by the arrow. The error bar accom-
panying the arrow represents the weighted rms
deviation of all such extrapolated results.

In computing the weighted over-all average for
all extrapolations for a given isotope in the evac-~
uated cells, a weighting factor proportional to the
inverse square of the uncertainty of each extrap-
olation was used. This same weighting factor
was used in obtaining the weighted rms deviation
for these data. The dashed lines in Fig. 4 refer
to these weighted over-all averages plus and mi-
nus their respective weighted rms deviations. As
an additional check for possible systematic error,
a weighted average was computed for each differ-
ent run (see Fig. 4).

A new run was begun whenever the sample, the
light source polarization, temperature of the Rb
reservoir, or magnitude of the applied magnetic
field was changed. For evacuated cells, no sys-
tematic errors were indicated in &r /g 7 deter-
minations following various gross changes in the
history of the magnetic field. Unless otherwise
stated in Fig. 4, the data were taken in an applied
field of 50 G at a Rb reservoir temperature of
35°C using Rb of natural isotopic abundance in
both cell and lamp. In comparison with the Rb8
case, a relatively large amount of datawere taken
for Rb®” in probing for possible systematic error.

The error associated with the weighted average
of each run was found by first obtaining the devi-
ation of unit weight, 0y for each extrapolation
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FIG. 5. Summary of g; /g 7 (Rb®) results after extrap-
olation to zero light intensity in cells filled with buffer
gas. Pressure in Torr is indicated in parenthesis.

Error bars represent weighted rms deviations. Dotted
lines refer to the weighted mean.

in the run: 0;2=U;%+(X; -X)2 The quantity

U; is the uncertainty in the extrapolated value
X;, and (X; - X) represents the deviation of the
ith extrapolated value from the weighted average
of the run, The weighted deviation of the run was
obtained as og®= 2_w;0;?, With w; the normalized
weighting factor proportional to U; "2, In Fig. 4
the error bars associated with the weighted av-
erages of each run represent top. We found no
evidence for significant systematic error between
the various runs.

After finding that our value for g;/g ; (Rb%)
differed from the then-latest atomic-beam value?
by about eight times the combined errors, we
decided to use uncoated cells filled with buffer gas
for a check of gross systematic error in our work.
Again, extrapolation to zero light intensity was
required. The scatter in the extrapolated results
for buffered cells was relatively large primarily
because of the sensitivity of the line shape to the
magnetic field inhomogeneity., Figure 5 shows
results for g;/g; (Rb®) for various runs in
cells filled with buffer gas. A run was begun
each time the field was reshimmed to produce a
“symmetric” line shape. Again data were taken in
a field of 50 G, at a temperature of 35°C, using
natural-isotopic-abundance Rb in both cell and
lamp.

The weighted average of the buffered-cell data
was higher than the weighted average of the wall-
coated-cell data for both isotopes. However, the
difference was within the overlap of the weighted

rms deviations, Furthermore, in the buffered
cells, the derived value of gI/g 7 was dependent on
the type of field gradient present during the run.
This is illustrated in the Rb®” data in Fig. 5 for the
cells buffered with 148-Torr He and 38-Torr Ne.
In these samples the history of the field was changed
prior to the beginning of each run, and the ap-
parent shifts in gI/g 7 were attributed to the depen-
dence of the line shape on the magnetic field gra-
dients. Hence, with the resolution of this experi-
ment, an inherent inability to avoid small system-
atic errors in buffer-cell data was suspected.
Because of the larger scatter and the implica-
tion of systematic error due to field gradients in
the buffered-cell data, a final result was quoted
in terms of the results of the evacuated-cell runs
only. The weighted average and weighted rms
deviation of the g7/g; ratio for the free Rb®s, &
atoms for the evacuated cell runs were

—g,/g, (RD™)=4,969914 7 (1£0,9x10 ") x10 ™",
- g/, (RD®)=1,4664908x(1£2.1x10™*)x 10 ™",

Histograms depicting the gI/g 7 determination for
each extrapolation in the wall-coated cells are shown
in Fig. 6. Equal weighting of each determination
was used in plotting these figures, but the weighted
average and weighted rms deviation are indicated
at the top of each histogram.

The result for Rb® is in disagreement with the
atomic-beam measurement of Penselin et al.? Al-
though the beam experiment was conducted in a
magnetic field of ~560 G, while our experiment
used~ 50 G, we know of no theoretical reason for the
discrepancy due to the magnitude of the magnetic
field. In a recent Rb® atomic-beam experiment,
Ehlers et al.® reported g;/gy (Rb®)|gppg
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FIG. 6. Histograms of wall-coated-cell results using
equal weighting for each extrapolation. The weighted
mean and weighted rms deviation are shown at the top
of each plot..
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=-1.466478(22)x10-4,
in He and Ne buffer-gas cells

-4
Rb®)| =—1.46648(8)x 10
gI/gJ( )B (8) ,
Rb¥)|_ =-4.96997(9)x 107* 5
g/8;( )IB 9) (5)

These two experiments agree with our reported
preliminary results® as well as with our present
results to within the quoted errors.

B. Measurement of g; (Rb®7) /gJ(Rb85 )

The ratio of g7 (Rb®¥)/g s (Rb®) was measured as
a function of light intensity in evacuated wall-coated
cells and in buffered cells. The ratio was deter-
mined at both senses of light polarization from the
v, values of the following pairs of Zeeman transi-
tions: Rb® (3; 0~ - 1), Rb® (2; 0~—-1); and
Rb% (3; +1 —0), Rb87 (2; +1—0). In evacuated
cells, the value of the free-atom g ; ratio extrap-
olated to zero light intensity was gz (Rb®")/g ;(Rb®)
=1.0000000041x(1+6,0%x107°). The weighted
rms deviation of the four extrapolated results was
5.7x 107°, The uncertainty in the g; ratio due to
the error in the gl/g g ratio of the two isotopes was
2x10-°, The over-all error quoted represents
the quadratic combination of the weighted rms de-
viation and the uncertainty in the g; ratio due to
the error in gl/gJ' The result for the two isotopes
of Rb in the buffer-gas cells agreed with that of the
evacuated wall-coated cells, but were accurate
only to+1X 1078, Less precise determinations!,!3,4
are consistent with the value of this experiment.
In the wall-coated cells, if instead of extrapolation
to zero light intensity a simple averaging of the
data for the two polarizations at one light intensity
had been used, an error of 4 parts in 10% could have
resulted.

C. Determination of g I(Rb‘*S )/g I(Rb37 )

By combining the measured ratio of electron g
factors with the measured gl/g ratios of the two
Rb isotopes, the ratio g; (Rb?s) g (Rb?7) for free
atoms was derived as

gI(Rb“) =gI/gJ(Rb85) y gJ(Rbss)

g (Rb®") g, /g (Rb¥) g (Rb®)

=0.2950736x (1+2.3x 107°)
This ratio should be independent of the chemical

environment and therefore can be comparedwith an
NMR determination of the same quantity?s:

g; (Rb®)/g; (Rb®")| gy =0.295 0738

x(1+1.6%x107).

Balling, ¢ in an optical pump-
ing experiment, measured the &; /gJ ratios of Rb?®5, 87
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The agreement is seen to be excellent.
D. Shielding of the Nuclear Moment

Since the value of g;/g; determined in this ex-
periment is that for a free atom, appropriate
comparison with the nuclear g factor determined
by NMR allows evaluation of the relative chemical
shift. The ratio of the nuclear g factor for Rb* in
an aqueous solution of RbCl and that for the free
atom was obtained by using the ratio combinations
as follows

g ®*") g, ®*) £,(D,0) g #H,0)

g R g,(D,0) g;(H0) g, (H)

gJ(H) gJ(Rb""‘) gJ(Rb""’)

X
85 87 87
gJ(Rb )gJ(Rb ) gI(Rb )

The values used in addition to the results of this
paper werels-18

gI(Rb+87) .
A 1-2.1315984x (1£1x1077),
2;(D,0)
gI(DZO) -
L |=0.153506083x(1+£4X10 ),
gI(HZO)
(8)

g ,(H) _

J " | -658.21591x(1£7x107%),
g;(H,0)

g (Rb®) _

J =1.0000236X(1£1x107".
gJ(H)

We find for the Rb® isotope:

+
g;(Rb™) . e
| =1+(238.2+1.0)x107°.

&; (Rb)

Similarly, the result for the Rb®® isotope is 1
+(239, 92, 2) x10~°, This implies that Ac(Rb*aq/
Rb)= - (238.2£1.0)X107° is the chemical shift
of Rb " in an aqueous saturated solution of RbCl
relative to the free atom. {The negative sign in-
dicates that the shielding of the nucleus of the free
atom is greater than that of the ion in water solu-
tion. )

Recently, Lutz!® has determined alkali nuclear
g factors in aqueous solutions extrapolated to zero
concentration of the salt. His result for Rb®" was

g (Rb+87)
I
| =2.1315419%x(1+7x10°7).

L

&r (D,0)
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This implies that the chemical shift of Rb™ in
D,O relative to the free atom is Ac(Rb +a,,q/Rb)
=-(211.6+1.2)x1078, Since the shielding of the
free Rb * ion and that of the free Rb atom are es-
sentially the same, 2°;%! a comparison with the
value calculated by Ikenberry and Das?? is pos-
sible:

Ao(Rb* 5, /Rb* =-0.65x107%, (7
o(Rb " aq/Rb )|

Thus the nucleus of the ion in solution suffers
considerably less shielding than the calculated
value would indicate.

E. Nuclear g Factor

An absolute value for the Rb nuclear g factor
was found by forming the product

=gI (Rb) gJ (Rb) gJ (H)

g (Rb) gy (H) gI(H)

&;(Rb) g, (H)

The values used for terms not yet listed were?23
gy (H)

=658.21049%(1+0.30x107%),
g (H)

g; (H):gp(l - a?/3)
Withzsy 24

g, =3. 042065 2 (1+2.96 107)x107°,

@=1/137.0359x (1 + 2x107°).

We note that the g-factor ratios required have all
been determined for free atoms. The results for
the (shielded) nuclear g factor of the free Rb atom
in terms of the Bohr magneton, u, were

gy (Rb®")=— 0.9951414x (12 1. 0x10"°%)x107°,

&r (RDb%) = — 0. 2936400 X(1 £2. 2 X1076) X 1072,

VI. POSSIBLE ERRORS DUE TO SYSTEMATIC
FREQUENCY SHIFTS

A. hfs Effect

The question can be raised of a possible system-
atic error in g;/gy caused by a shift in the hfs due
to interaction between the “free” atom and the
wall. Using AF =0 Zeeman transitions alone, it is
possible to deduce a value for the hyperfine-inter-
action constant consistent with the Hamiltonian of
Eq. (1). For the evacuated cells of this experi-
ment, using the difference between two adjacent
Zeeman-transition frequencies, the hyperfine
separation AV(Rb®’) was determined to a fractional
accuracy of 6 parts in 107 and Av(Rb®5) to 3 parts

in 107. Agreement with published hfs values? was
obtained, and our results were calculated using
the published hfs values. In addition, Brewer?
has measured Av(Rb87) in an evacuated cell of 50-
ml volume with Paraflint wall coating and found a
shift of — 1.2 parts in 108, If Av were not corrected
for this shift, the g7/g; ratio calculated from Eq.
(2) would be changed by <6.5 parts in 10!, Thus
the g7/g ; results for the 50-G field were particu-
larly insensitive to the change in Avcaused by the
wall coating.

B. Spin-Exchange Effects

A decrease of 9°C in the temperature of the Rb
reservoir of one of the Paraflint-coated cells re-
sulted in a decrease in Rb density of ~1/3 and was
accompanied by a linewidth reduction of 1.3 cps.
Assuming that the decrease in width was entirely
due to spin exchange, the calculated upper limit
to the linewidth caused by spin exchange was 4
cps at normal operating temperature. I spin-
exchange shifts in Zeeman transitions are pro-
portional to the sense and magnitude of the Rb
electron polarization, extrapolation to zero light
intensity should remove possible systematic
spin-exchange shifts. Not only should the average
of these shifts for the two polarizations be zero,
but also the magnitude of the shift should approach
‘zero as the polarization goes to zero at zero light
intensity. We found no experimental evidence for
spin-exchange shifts in the extrapolated values of

8y / 8
C. Light-Intensity Effect

The frequency shifts of the ground-state Zeeman
transitions which were observed in this experiment
were believed to be caused by virtual optical tran-
sitions due to nonresonant pumping light incident on
the cell. Shifts due to this effect were treated
theoretically by Barrat and Cohen-Tannoudji?®
and experimentally observed in the ground-state
hyperfine transitions of Rb®” and Cs!33 27 and in
the ground-state Zeeman transitions of He? ® and
Hg!%°. ?° The magnitude of the light-induced
hyperfine shift of Rb® and Cs!3% was ~100 cps,
while the magnitude of the shift of the Zeeman
transitions observed in this experiment was, at
most, a few cycles. . Figure 7 shows the measured
frequency shifts at the indicated light intensity
of some of the Zeeman transitions for Rb®% 87 in
the 100-cm?® Paraflint wall-coated cell A.

The Zeeman frequency shift as a function of
light intensity and polarization is attributed to
virtual optical transitions rather than to spin ex-
change for the following reasons: A reduction in
the Rb density by 1/3 did not significantly affect the
observed shifts; these shifts were not in general
symmetric upon change of polarization; and the
shifts were nearly the same at 16 as at 50 G. In
buffer-gas samples, the shift decreased with in-
creased pressure and was less than that in evac-
uated cells.

In addition to light shifts due to virtual optical
transitions, a second type of light shift has been
treated theoretically?® and observed experimental-
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FIG. 7. Frequency shifts of Rb Zeeman transitions
caused by the pumping light. An evacuated wall-coated
cell was used with both cell and lamp in a 50-G
magnetic field. An arbitrary measure of incident light
intensity in p A photocurrent was used. Transitions
are labeled by (Fymp«—mp—1). Error bars shown
apply to all points.

ly.3° This shift involves real optical transitions
in which part of the coherence is conserved
through the entire optical pumping cycle by the
simultaneous optical excitation from two adjacent
ground-state Zeeman levels to the excited state
and return to the ground state. The shift depends
on the light intensity and also on the applied mag-
netic field through its predicted dependence on the
difference of the Larmor frequency in the excited
state and in the ground state. The absence of a
linear dependence of the shifts on magnetic field

led to the conclusion that the light shifts observed
in this experiment were associated with the virtual
rather than the real optical transitions.

D. Error Due to Arbitrary Zero of Incident-Light
Intensity

The light incident on the cell was monitored by
placing a Si photocell in front of the cell. This
arbitrary measurement of intensity introduced a
small error, ~1 pA, in the zero of intensity used
on each extrapolation. This resulted from a com-
ponent of light which was not effective in the op-
tical pumping of Rb but which was seen by the
incident detector. The effect would be to cause
the extrapolations corresponding to plus and
minus polarizations not to coincide at zero light
intensity. The method of treatment of data dis-
cussed in Sec. V explicitly includes any error due
to this effect.

E. Lamp Spectral-Profile Effect

In the 100-cm?® Paraflint wall-coated cell A4,
changing the lamp source from a natural Rb lamp
to a lamp of 99. 5% Rb® isotopic purity produced
no significant shift in g;/g; (Rb%). This provided
an experimental check of tﬂe expectation that
extrapolation to zero light intensity removes such
causes of systematic error.

F. Inhomogeneous-Magnetic - Field Effects

In buffer-gas cells only, shifts of several cps in
the Rb® and Rb%” Zeeman frequencies at 50 G
were observed as a function of the magnitude of
the applied rf field, H,. The shifts were observed
when using rf coils cemented directly to the cell,
and the absence of these shifts in the wall-coated
cells indicated that the effect was not a Bloch-
Siegert®! or related effect. The shift was due to
inhomogeneities simultaneously present in both
H, and H,. Each Zeeman transition had a differ-
ent shift and the magnitude of the shift was
changed by changing the currents in thé inhomo-
geneity correction coils. A change in the design
of the rf coil to improve the spatial homogeneity
of the rf magnetic field reduced the magnitude of
the shifts to <1x10-8 of the transition frequency
in the buffer-gas cells.

The use of evacuated wall-coated cells pro-
vided unique advantages over buffered cells. In
the evacuated cells, it was possible to obtain
significant motional averaging of the magnetic
field so that the effective homogeneity was greatly
increased compared to that for a cell of the same
volume filled with buffer gas. In addition, the
motional averaging of inhomogeneities guaranteed
that the observed line shape was essentially
Lorentzian®? 33 so that the line center was clearly
defined. This becomes particularly important
in precision experiments where a line center is
to be chosen to some small fraction of the line-
width. For Zeeman transitions, the linewidths?
of the Lorentzian line shape due to the magnetic
field inhomogeneity is

Bwary?( (AE)Z)V o’7 s (8)
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where y is the gyromagnetic ratio, AB=B- (E)

is the deviation of the field from the average

field over the cell volume, 7 is the correlation
time appropriate to the system, and (), denotes
the average over the sample volume. The con-
dition of applicability of Eq. (8) is that

lyl((AE)z)volWr <1 . 9)

When Eq. (9) is satisfied, inhomogeneity cor-
rection coils designed to produce essentially
orthogonal magnetic field gradients can be ad-
justed with little or no interaction between dif-
ferent coils. Thus the adjustments themselves
become orthogonal.®

Uncontrollable systematic errors were found
in buffered cells because of a non- Lorentzian
line shape caused by magnetic field inhomogenei-
ties. No such effect was evident in evacuated wall-
coated cells even when the linewidth due to magnet-
ic field inhomogeneity was increased by a factor
greater than 10 times its normal value. (The
over-all linewidth was doubled.) Thus strong
experimental and theoretical arguments exist
in favor of using the wall-coated evacuated cell.

G. Line-Pulling Effect

There was the possibility of a Zeeman frequency
shift due to a variation of the rf power: with fre-
quency. A monotonic variation of the rf power
with frequency over the range of frequencies for
which there is a resonance response will induce
a rf pulling effect. Assume that the signal S for
the rf field of magnitude H, can be written as

S=K,H2/[1+(T,Au)?+K,H 2], (10)

In the above expression, T, is the Bloch spin
decorrelation time, K, and K, are normalizing
constants, and Awis the frequency difference
between the driving frequency w and the resonant
frequency w,. A monotonic variation of rf power
with frequency of the form H2=h2[1+lal Aw] will
introduce asymmetry in the line shape and cause
a shift Awg of the center frequency

Aw =x[-1/lal +(1/a®+1/T2)M2]. (11)

In the above expression the (+) sign refers to a
positive slope of rf power versus frequency. For
the case when T,>>lal, the above expression
reduces to

Aw =+ lal/2T;2 . (12)

Typical values observed in this experiment were
T,>10x1073 sec and lal=~3 %1078 sec. Using
these values, the magnitude of the shift to be ex-
pected because of a monotonic frequency-
dependent rf power was Awg <2.5X1075cps. A
shift of this order of magnitude could not have
been detected in this experiment.

A well-known form of line pulling involves the
coupling of the atom to a tuned circuit or cavity.
The shift discussed above is fundamentally dif-
ferent and occurs when the driving rf is derived
from a nonresonant structure, e.g., a terminated
transmission line.

VII. CONCLUSIONS

Optical pumping techniques have been used to
conduct precision gy -ratio and g7/, -ratio ex-
periments on the Rb®- 87 isotopes. In buffer-gas
cells, systematic errors caused by magnetic
field inhomogeneities were demonstrated. No
such effect was evidenced in evacuated wall-
coated cells even under conditions where the
linewidth due to magnetic field inhomogeneities
was increased by a factor >10 times the normal
value. Evidence is presented in favor of the use
of evacuated wall-coated cells instead of buffered
cells where possible. The interaction of the Rb
atom with the confining walls was sufficiently
small to have no significant effect on the measure-
ments reported. For precision determination of
atomic constants using optical pumping tech-
niques, the necessity of extrapolation of data to
zero light intensity was clearly demonstrated be-
cause of light-induced shifts in the Zeeman tran-
sition frequencies. Considerable improvement in
precision appears to be possible by obvious ex-
tensions of the techniques. Excellent agreement
was obtained between appropriate results of this
experiment and those of NMR. The g;/gz (Rb®)
value is in agreement with the recent atomic-
beam value. 5

The low value of magnetic field available in this
work coupled with the observation of only AF =0
Zeeman transitions precluded a severe test of the
Breit-Rabi formula. Nevertheless, the agree-
ment between calculated and observed frequencies
(for transitions other than those used in g7/g
determinations) was in general ~5 parts in 109,

A comparison between atomic constants obtained
from low-magnetic-field determinations and
those obtained at higher values of the magnetic
field should permit a more interesting check on
deviations from the Breit-Rabi formula. 3¢
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The short-range contribution to the pressure shift of the hyperfine constant has been an-
alyzed for a nitrogen atom in interaction with a rare-gas atom, and specific calculations

are performed for helium as buffer gas.

Two mechanisms are found to contribute to the

short-range shift; the first, due to the finite spin density at the nitrogen nucleus from the

distorted 2p valence electrons, contributes only 1% of the experimental shift.

The second

mechanism arises from the exchange polarization of 1s and 2s cores by the perturbed
valence electrons, and produces a shift of 0.76 cps/mm Hg, as compared to the experimental
value of 0.27 cps/mm Hg. The results are in disagreement with earlier assumptions of a

negligible short-range effect.

Possible sources that could influence the theoretical value to

improve agreement with experiment are discussed.

1. INTRODUCTION

Careful hyperfine pressure-shift measurements
by the optical pumping technique! have so far been

carried out?—* for hydrogen, nitrogen, phosphorus,
and the alkali atoms in atmospheres of various

rare gases, The experimental results for the
hydrogen atom indicate that as one passes on to



