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A new method, suggested by work of Otten, involving Zeeman scanning of an optically pump-
ed vapor has been developed and used to determine the hyperfine structure of 3.5-h '@Hg

(i =$} in the ssep P& state, and the isotope shift in the 2537-A resonance line. The sst ~$,

ground state is optically pumped via each of the hfs components. The displacements of the
3Hg hfs components from ~egHg are found by measuring the magnetic field used to scan the

optical-pumping lamp. The resonance is detected optically. The measured values are 83(4),
572(5), and 911(5) mK for the F =&, 32, and ~ components, respectively. The final results are
80(7) and 572(5) mK for the positions of the first two components corrected to account for
perturbations caused by the presence of other isotopes. These perturbations are much smal-
ler than the ones encountered in optical spectroscopy because of the selective nature of our
detection method. A model calculation for the relevant emission and absorption processes
was developed to determine the perturbations. Ke obtain, with the use of the previously de-
termined A value, the corrected quadrupole interaction constant 8 =+15{7)mK. The correct-
ed isotope shift of @Hg relative to ~@Hg is 383{7)mK. The resulting corrected odd-even
staggering parameter, relative to +Hg and 4Hg, is y=0. 74{30) or 0.56(14), the two values
corresponding to different measurements of the isotope shift of ~+Hg.

I. INTRODUCTION

As part of a systematic study' of nuclear charge
and magnetization structures we have measured
the hyperfine structure and isotope shift (relative
to '

Hg) in the 6s' 'S,-GsGP '&, 252V-A resonance
line of 3.5-h'"Hg. The results were expected to
extend the understanding of the isotope shifts and,
in particular, the odd-even staggering effects
which have been observed in the isotopes of mer-
cury.

Since mercury is a heavy element, its isotope
shifts are due almost exclusively to the nuclear
charge volume and deformation-dependent effects. '
In the former, the isotope shift reflects the change
in nuclear charge radius with neutron number,
assuming a spherically symmetric distribution.
In the latter, the nuclear volume is assumed to be
constant and the shift is attributed to deformations
of the nuclear charge distribution.

The nuclear spin I of '"Hg has been determined
previously from the GsVs'S„-GsGP 'P, 404V-X
transition to be &.

' There are therefore three hfs
components in the '&, state, the upper state of the
2537-A resonance line. Attempts to observe these
components with the techniques of optical spectro-
scopy mere made by us" and by Davis, Aung, and
Kleiman. ' In our previous work me mere able to
observe only the total angular momentum I' =

& hfs
component, the others being overlapped by the hfs
components of other isotopes ('""Hg and '

Hg}
produced simultaneously in the cyclotron bombard-

ment. The details of the production of '"Hg by the
reaction "'Au (P, Sn) '"Hg have been summarized
by us recently. ' In this work we relied, in addition
to the direct production of '"Hg, on the feeding by
the decay of the 11-h '"Hg isomer.

Davis, Aung, and Kleiman succeeded in avoiding
the spectroscopic overlap problem by using two
different methods of isotope production. At high
a-particle energies the reaction '"Au (a, Gn) '"Tl
(P'}- '"Hg produced very little '"Hg so that the
'"Hg I" =-,' component could be measured. At l,ow
o-particle energies, very little '"

Hg was pro-
duced in the reaction ' Pt (&, 5n) "'

Hg, thus
permitting measurement of the '"Hg I" = compo-
nent. Thus they obtained the magnetic dipole and
electric quadrupole interaction constants, 4
= -200(10}mK and 8 =+40(20) mK, and a value of
the isotope shift (relative to '"Hg) equal to 412(16}
mK.

A more accurate A value of —204.6(5) mK was
obtained by Redi and Stroke' from a measurement
of the "principal" level crossing of "'Hg.

An obvious sequel to obtain a more precise result
for the quadrupole interaction constant B is to per-
form a second level-crossing measurement. (We
recall that level-crossing results are not affected
by Doppler broadening as are optical spectroscopic
measurements. ) However, the large uncertainty
in B, together with the prediction by Sharon, '
based on a systematic study of signs of quadrupole
moments, that for '"Hg the sign should be nega-
tive, led to an unreasonably large region of search
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in magnetic field (-8000 G} for locating this sec-
ond level crossing. We note also that for the B
value of Davis et al. there is no "fold-over" hm
= 2 crossing, i.e., a crossing of magnetic sub-
levels arising from the same I" level. In addition,
the search was rendered difficult by the fact that
the signal strengths of the remaining crossings in
mercury are considerably weaker than that of the
"principal crossing" that we measured earlier.

After several fruitless attempts to observe with
our present techniques additional level crossings
in '"Hg, including those for which ~=1, we
looked for a method that would eliminate the afore-
mentioned effects of overlap by other isotopes in
the optical spectrum.

II. NEVE ZEEMAN-SCANNED OPTICAL-PUMPING

METHOD

One property that is distinct for all of the odd
mercury isotopes is the nuclear g factor. It can
be measured by means of NMB following optical
pumping"'" of the diamagnetic ground state. We
were thus 1ed to a method first proposed by Otten"
for the study of short-lived radioisotopes. In his
experiments, the Zeeman-shifted light from a
stable-isotope lamp is used to produce nuclear
orientation through optical pumping; this is de-
tected by the resulting P-decay asymmetry. These
experiments were made "on-line" at the project
ISOLDE (Isotope Separation with On-Line Detec-
tion) at CERN (Centre Europeen de la Recherche
Nucleaire, Geneva).

In the adaptation of the method to our problem,
we first optically pump the '"Hg atoms in the '8,
ground state. This was accomplished with the use
of a single circularlypolarized lightbeam, incident
at 45 with respect to the static magnetic field. A
rf field, resonant at the energy difference of the
magnetic sublevels, was also applied. This pro-
duced a coherence among the magnetic sublevels
which resulted in the modulation of the light beam.
The intensity of this modulated light beam was
monitored as a function of the wavelength tuning of
the 2537-A radiation. We described the details of
our optical-pumping method, which is a variation
of that of Bell and Bloom, in Bef. 7. None of the
other isotopes contribute to the NMB-modulated
light signal, even though possibly optically pumped,
since their nuclear g factors are different from
193Hg

We contrast our present technique with the
earlier absorption method of optical pumping.
There, circularly polarized 2537-A radiation is
tuned to excite a particular hfs level in the '&,
state. The resulting selective excitation of partic-
ular magnetic levels, followed by reradiation to
the ground state, also produces an unequal popula-

tion among the ground-state magnetic sublevels.
An orientation (different populations of atoms in
positive and negative magnetic sublevels} can thus
be established with a resulting net magnetization.
The equilibrium population can be reestablished
by applying a rf field resonant at the energy dif-
ference of the magnetic sublevels.

In both experiments the optical pumping is
achieved by means of a Zeeman-scanned '

Hg
lamp. Its wavelength, or frequency, can be tuned
(by means of magnetic field variations) to make
the energy difference in a transition between one
of the '~Hg 'P, excited-state and ground-state
magnetic sublevels coincide with the zero-field
excitation energy of a particular "'Hg 'P, -state
hfs component of interest. Therefore, by measur-
ing the strength of a NMB signal as the '~Hg wave-
length is tuned through the values required to
produce optical pumping via the three excited-
state hfs components, we can obtain the 2537-A.
spectral line profile of ««&«& '"Hg components.
(We shall refer to the resulting curves as "scan-
ning profiles. ")

This method is similar in principle to the Zee-
man- scanning experiments of Sagalyn, Melissinos,
and Bitter" in which the 'P, -state hfs magnetic
sublevels are also excited selectively with the use
of polarized light, but where optical double re-
sonance" (resonance among excited-state sub-
levels) is combined with magnetic scanning to
discriminate between overlapping lines.

It should also be pointed out that our method is
quite general and can be applied to the measure-
ment of the hfs and isotope shift of any isotope
that can be optically pumped.

III. EXPERIMENT

A. Apparatus

Figure 1 shows the arrangement used in the Zee-
man- scanned optical-pumping experiments. With
the exception of the exciting lamp and of the
scanning magnet, the apparatus is essentially the
same as that used in our optical-pumping experi-
ments, " where we measured the nuclear magnetic
moments of a series of mercury radioactive iso-
topes. The incident resonance radiation was ob-
tained from an air-cooled electrodeless '

Hg
lamp excited at a frequency of 3 0Hz with micro-
wave radiation obtained from a QK-61 magnetron
(not shown in Fig. I).

The lamp was located in a magn6tie "scanning
field" which was used to tune the emitted '

Hg
radiation over the hfs levels of interest. The light
from the lamp was made to pass through a series
of quartz lenses, following which it was circularly
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polarized with the use of a linear polarizer (type
PL-40, Polacoat, Blue Ash, Ohio}, the transmis-
sion axis of which was oriented perpendicularly to
the scanning field, and a quarter-wave plate
(Valpey-Fisher, Holliston, Mass. }.

The circularly polarized light pumped the atoms
in the resonance cell. The cell was located in a
weak magnetic field H, (= 5 6) produced by a pair
of Helmholtz coils (not shown in Fig. 1). The
Helmholtz field was oriented at 45 with respect
to the direction of the incident light. In this way a
single beam is used for both pumping and monitor-
ing the degree of orientation. Vfe presented details
of the optical-pumping signal obtained with the use
of this geometry in Append|x I of Ref. 7.

The cell walls were maintained at a temperature
of approximately 200'C with the use of a Bunsen
burner. This was necessary„ in particular, to
maintain the small number of atoms in the vapor
phase. It also reduced the dwell time of the mer-
cury atoms on the walls, and thereby increased
the optical-pumping relaxation time. '

An oscillating field H, was applied at right angles
to H, . In the case of the 'So state of mercury we
are observing nuclear magnetic resonance and Hy

is actually an audio-frequency field. When the
frequency of 0, coincides with the NMR frequency
(d~, transitions are induced among the ground-
state sublevels in the resonance. As noted earlier,
the coherence thus established between the Zee-
man sublevels causes the light emitted from the
cell to be modulated. After passing through a
2537-A. interference filter, the light was incident
on a photomultiplier tube. The large dc back-
ground was eliminated with the use of RC coupling.
The signal, at frequency ~~, was then impressed
on a preamplifier (model 103, Keithley Corp. ,
Cleveland, Ohio). The resulting signal was de-
tected by a lock-in amplifier (Princeton Applied
Research model HR-8}, the reference of which
was the oscillating frequency. The signals were
usually stored in the memory of a signal averager

(however, single sweeps were actually found

adequate). These were recorded later with the use
o' an X-F recorder.

g. Light sources

The lamp consisted of a 1-cm-diam quartz bulb
which contained approximately 1 mg of enriched

Hg and 1-2 Torr of argon carrier gas. The
isotopic composition was 94, 3.9, and 1% for '"Hg,
"'Hg, and '"Hg, respectively, and less than 1%
for all the other isotopes. As mentioned previous-
ly, it was excited with the use of a magnetron.
The stability of the lamp depended to a great ex-
tent on the use of a mell-regulated current power
supply. Thus an inferior quality power supply,
used for the initial tests, was found inadequate for
the more important radioactive runs and it was
replaced by a Hewlett-Packard model 6225A
precision regulated power supply. Furthermore,
in alI. of the measurements of '"Hg the filament
current of the magnetron was supplied by a 6-V
storage battery so as to minimize ripple. The
light scattered from one of the quartz lenses was
detected by a RCA 1P28 photomultiplier (designated
by "Monitoring P. M." in Fig. 1) and served to
monitor the variations of lamp intensity. The
measurements were made with a photometer
(model 15, Pacific Photometric Instruments,
Berkeley, Cal. ). It was found that the optical-
pumping signal S was approximately proportional
to this monitoring output current i which, in
turn, was proportional to the light intensity:

S =KE'

where K is a proportionality constant. For changes
&E in the photomultiplier current we have, there-
fore,

(2}

The constant K could be determined by measuring
4S for a small intensity change &i of the lamp

Monitoring P. M.
With 253T-4

Filter
0

25 57-A
Circular Polar izer Inter ference

}9e Fiihrer

Field I ~r
Resonance Quartz

l S ~ Quartz Cell Lens
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Sensitive
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FIG. 1. Schematic of
optical-pumping and mag-
netic scanning apparatus.

Oirection of Incident I ight
O
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(by varying the magnetron current). Once we know

the value of E, the effect of all subsequent changes
in M canbe obtained from Eq. (2}. In general, E
was evaluated for each scanning profile.

The changes 45 caused by light intensity varia-
tions never exceeded 10% for the scanning of a
complete profile (typically 1000-1500 6). Where
necessary, appropriate compensation was made in
the optical-pumping signal strength for this small
variation. However, for the purpose of locating
the line center the scanning of only a region of
300-400 G was needed, provided that the line
center is assumed to be at the peak. %e show be-
low that this is a reasonable assumption. Over
such a region the variations in M were always less
than 1/0 and therefore negligible.

2. Scanningfield

The lamp was placed between the pole pieces of
a 12-in. electromagnet (Varian model V-4012-3B).
For the pumping of the natural isotopes, the 12-in.
pole pieces were used while in the case of '~Hg,
tapered 5.5-in. pole pieces were necessary so as
to be abl.e to attain a field of 15 kG.

The scanning field was measured with the use of
a rotating-coil gaussmeter having an accuracy of
0.01%(model924, Rawson-Lush, Acton, Mass. ).
The gaussmeter was checked periodically against a
NMR gaussmete r and it was found to maintain its
nominal accuracy, For measurements above 11 111
6 (the upper limit of the model 924 gaussmeter) the
range of the decade dials was extended with no
loss in accuracy.

The gaussmeter probe was located as cl.ose as
possible to the lamp without touching it. With the
use of the 12-in. pole pieces and a 4-in. gap, good
field homogeneity was obtained, and the lamp-to-
probe correction was always less than 1 G. Kith
the tapered 5.5-in. pole pieces the lamp-to-probe
correction could become as large as 20 6 when

operating in high fields in the vicinity of 15 kG.

8. Procedure and measurements

The procedure used was as follows: First the
scanning field was set so as to excite the hfs
component of interest. Then the Helmholtz field
was swept through the region in which the optical-
pumping signal was expected. Generally, it was
more convenient to hold the frequency of 0, fixed
and sweep the Helmholtz field, although the proce-
dure could be inverted. Before proceeding any
further, at least five of these optical-pumping
resonances were recorded to ascertain that there
were no fluctuations in their amplitudes. A typical
optical-pumping signal is shown in Fig. 2.

Next, the monitoring photomultiplier tube (Fig.

1) was "calibrated, " as described in Sec. IIIA1.
In this way one could observe how changes in

photometer current affected the amplitude of an
optical-pumping signal. Finally, the scanning
field was varied and the relative optical-pumping
signal strength recorded for each field point. The
lamp intensity was also monitored at each field
point. In the few instances when we found it neces-
sary, we normalized the relative optical-pumping
signal strength for any changes in the lamp inten-
sity that may have resulted from a variation of
scanning field. %'e thus obtained a plot of cor-
rected signal value vs scanning field.

The position of the peak of such a scanning
profile is then the position of the hfs component
being resonated. These scanning profiles are
discussed in detai1 in the next section.

g. Measurements Of" &g

Two radioactive runs were performed in which
the locations of the three '"Hg hfs components in
the 6s6P 'P, state, having I = &, —.. .'-, were deter-
mined by Zeeman scanning of the optical-pumping
signals. The numbers I and II are used to identify
the corresponding results. Typical scanning pro-
files are shown in Figs. 3-5. The location of the
peak of a particular profile represents the separa-
tion betweeen the '"Hg hfs component and the '~Hg
zero-field level. The results of all the measure-
ments made with '"Hg are shown in Table I.

The center of each profile was measured in two
different ways: (i} from the location of the peak
and (ii} from the bisector of the half-intensity
points (these are labeled by the letter C and an
arrow, on the profiles in Figs. 3-5). The intensi-
ty of the lamp was constant over all the profiles
obtained during run II. The lamp intensity was not
monitored during I.

The error bars shown in the scanning profiles
reflect the background noise which was observed
on either side of an optical-pumping signal. These
error bars make it possible to shift the profiles

Ho {HELIN "OLTZ FlELO)

FIG. 2. A NMR signal for optically pumped Hg.
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FIG. 4. Zeeman-scanned optical-pumping profile for
~~Hg I' = $ component (run II) . The cell temperature

was 200'C and its tail was at 20'C. C bisects the full
width at half-maximum.

slightly from their indicated positions. These
shifts are the uncertainties indicated in parenthe-
ses in Table I. An analysis of possible systematic
errors is given in Sec. III 82 below and in the
Appendix.

2. Measurement of natural mercury-analysis of
I,eehnique

En order to analyze meaningfully the results of
the Zeeman- scanned optical-pumping profiles
given in Table I, it was necessary to test the
procedure by locating the positions of several hfs
components that have been measured accurately
by other methods. Natural mercury was well
suited for these tests.

Natural mercury consists of the isotopes with
the mass numbers 204 (7.85), 202(29.80), 201(13.22),

~ IO-
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O
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I I 1 t I I I I i

I.O l.5
SCANNING FIELD ON Hg LAMP (kG)

I

2.0

FIG. 5. Zeeman-scanned optical-pumping profile for
"3Hg E = 2 component (run IIj. The cell temperature
was 200'C and its tail was at 20'C. C bisects the full
width at half-maximum.

200(23.13), 199(16.84), 198(10.02), and 196(0.15),
where the percent abundances have been indicated
in parentheses. Of these, only the odd-spin iso-
topes '"Hg (I= &) and '"Hg (I= -', ) can have their 'S,
ground state optically pumped. Thus we have
available for a test of the accuracy of the method
the natural-mercury hfs components '"Hg E= 2,
—,
' and "'Hg I" = —,', —,', &. The energy locations of
these components have all been measured with
accuracies better than 1 mK by Schweitzer. "

The Zeeman-scanned optical-pumping profiles
of two of these hfs components are shown in Figs.
6 and V. As before, we measured the center of
each profile in two different ways: (i) from the
peak and (ii) from the bisector of the half-intensity
points. In addition, the line positions measured by
Schweitzer are indicated on each of the natural-
mercury profiles shown. These values are in-
dicated by an arrow and are labeled "H„~«&." As
in the case of the radioactive measurements, the
variations in lamp intensity-as seen by the moni-
toring photomultiplier tube-were negligible.

Natural-mercury scanning profiles were mea-
sured for two different cell geometries, one
"peanut" oblong and the other having spherical
shape. These yielded identical results within ex-
perimental uncertainty.

The results of the measurements of the natural-
mercury hfs components are shown in Table II.
With the exception of the I' =

& component of '"Hg,
where the discrepancies are almost equal, it can
be seen that in all cases the difference between the
present and Schweitzer's measurements is smaller
if the peak line position is used rather than that
determined from the half-intensity points. This
is especially true for the highly asymmetric pro-
files of '"Hg (E= ~) and "'Hg (E=-,'). The discre
pancies are in some cases quite large and outside
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TABLE I. Zeeman-scanned optical-pumping measurements of S~Hg. Positions are with

respect to the ~Hg zero-field location. The corresponding frequency differences can be ob-
tained with the use of the equivalence 16=2.080 MHz. The hfs components all lie on the

0
high-wave-number side of the ~98Hg 2537-A transition.

Bun Scan

Measured
from peak

(0)

Measured
from 2—l

intensity
paints

(6)

Measured
from peak

(0)

Measured
flam 2—1

intensity
points
(0)

Measured
from peak

(6)

Measured
1from 2—

intensity
points

(G)

120O (5O)
2 1200 (50)

12oo (10o )

2 1200 (100 )

1260 (50) 8200 (50) 8345 (50)
123O (75) 0 ~ ~ ~ ~ 0

1265 (5o) 835o (1oo) s4oo (5o)
1220 (50) 8350 (100) 8380 (50)

13275 (150}
13275 (150)
13 100 (50)

13 320 (150)
13 3e7 (15O)
131oo (5o)

gleighted average of
all measurements

1200 (54) 1246 (51) 8250 (58) 8375 (50) 13131(553 13140 (55)

of the experimental uncertainties shown in paren-
theses.

A possible reason for these discrepancies is the
presence in the cell of other isotopes which have
hfs components near the position of the hfs compo-
nent being magnetically resonated. These perturb-
ing isotopes certainly cannot contribute to the
optical-pumping signal of the isotope being re-
sonated-provided that their nuclear g factors are
distinct. However, if the perturbing isotope has
a hfs component located near (i.e., within one or
two Doppler widths) the hfs component of the re-
sonated isotope, it will absorb the incident light
and in that way change the effective lamp line
shape "seen" by the isotope being investigated.

In Table III we have retabulated the discrepan-
cies shown in Table II in units of mK [we obtain
the conversion 1 6= 2.080 MHz with the use of our
result" g&= 1.486110(9) and pe= 1.3996(l) MHz jG;
we have furthermore 1 mK= 29.9793 MHz] and now

refer to the discrepancies as perturbations. Ne
show also the "perturbers, " i.e., the hfs compo-
nents near the ones being resonated. The "per-
turbing separation" refers to the separation be-
tween a resonated line and its perturber, as ob-
tained from Schweitzer's results. The locations of
the perturbing isotopes are also indicated in Figs.
6 and '7. It is interesting to note that all of the
natural-mercury spectral lines repel, as would be
expected from preferential absorption.

In order to verify that the perturbations in
Table III are indeed due to the presence of other
isotopes we performed a Zeeman-scanned optical-
pumping experiment on the hfs component '"Hg
(F= &) in a separated-isotope cell, i.e., one con-
taining only "'Hg. As can be seen in Fig. 8, the
line center, as measured from the peak, is at the
same point as H„»«T within experimental error.

Thus, in a pure-"'Hg cell, as expected, we do not
see any perturbation at all. This is to be compared
to the perturbation of 12.7 mK (see Table III} in a
natural- mercury cell, .

Qne would also expect that as the temperature
of the cell increases two effects would be produced:
First, the Doppler widths of both the perturbed and

perturbing lines increase; second, in a wet cell,
i.e., in which the mercury vapor is in equilibrium
with the liquid, the number of absorbing atoms

~ I2-
Z
C9

cn IO-
C9
X
L. 8—
CL

I

~ 6-

LLI r
I-

"'Hg(5]~) '"H&
O I « i ~) i i «g), l

7.0 75 SO
SCANNING FIELD ON Hg LAMP (kG)

I'IG. 6. Zeeman-scanned optical-pumping profile of
Hg E = 2 component in natural-mercury cell. The ex-

citation was with a Hg lamp. The "long-tailed" spheri-
cal-shape resonance cell was kept at 200 C and its tail
at 20'C. The solid curve is the experimental result.
The dashed curve is the calculated prediction, as given
in the Appendix, with absorption parameter koL equal to
0.64, 0.75, and 0.78 for ' Hg (E=-') Hg (E= ) and
2~4Hg, respectively. C bisects the full width at half-
maximum. The locations of the Hg and 04Hg perturb-
ing components and of the unperturbed ~99Hg component
are also shown.
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FIG. 7. Zeeman-scanned optical-pumping profile of Hg I=
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was with a 200Hg lamp. The "peanut" oblong shape resonance ce1.1 was kept at 200'C and its tail at 20 C. The solid
curve is the experimental result. The dashed curve is the calculated prediction, as given in the Appendix, with absorp-
tion parameters koL equal to 1.14 and 0.50 for '@Hg and 2 Hg (E =',), respectively. C bisects the full width at half-
maximum. The locations of the ~s Hg perturbing component and of the unperturbed ~Hg component are also shown.

increases. Both of those processes would tend to
increase the perturbations. To study this behavior
we obtained the scanning profile of the '"Hg (F= )
hfs component at room temperature (20'C). The
perturbation of the peak was found to be 6.2 mK as
compared to 12.'l mK at 200'C (see Table HO,
which is qualitatively what we would expect. The
experiments confirm the assumption that it is the
presence of the other hfs components which causes
the perturbations in the peaks of the scanning pro-
files.

In the Appendix we discuss a model which allows
a quantitative accounting of the perturbations of
the spectral lines. A comparison between these
calculations and experimental observations is
given in Tabl, e IV.

3. t Hg scanning Profile corrections and hfs
comjonent positions

We can use the analysis given in the Appendix
to determine the location of the hfs components of
'"Hg, and, in particular, to estimate the effects
of the perturbations by other isotopes present in
the resonance cell. The analysis of the natural-
mercury scanning profiles showed that better re-
sults are obtained when the line center is taken to
be the scanning-profile peak rather than the bi-
sector of the half-intensity points. Thus we use
only the former values in Table I. With the con-
version factors given in Sec. IIIB2, these values
can be expressed in terms of mQlikaysers, i.e.,
1 mK=10 ' cm '=14.413 G. The results for the

location of these uncorrected '"Hg hfs components
relative to '

Hg are summarized in Table V. The
errors given for the I = ~ and E=, components
have been increased by 1 mK to account for the
uncertainty in the magnetic field difference at the
positions of the lamp and the measuring probe.

The results are also shown in Fig. 9, in which
the perturbing isotopes are also indicated. As
discussed in the Appendix, the inclusion of their
effects leads to "corrected values" for the loca-
tion of the scanning peaks. Clearly, the I =-,'
component is unperturbed. However "'Hg (F= —,')
is perturbeuby '"Hg, and "'Hg (F = ~) is per-
turbedby'" Hg (F=~2) and"' Hg (F=~2). From
a knowledge of cross sections" for the production
of '"Hg, and with the use of the Bateman equa-
tions for radioactive decay, we estimate that the
ratio of 'O'Hg to '96Hg at the time of the experi-
ment was =0.81.

We now assume (k,L),»t, '»= (k,g„,', '» =0.75,
where the absorption coefficient k, and absorption
length I- are defined in the Appendix. Both have a
nuclear spin I= —,

' and therefore any spin-dependent
effects are expected to be identical. In Fig. 10 we
have plotted the perturbations of "'Hg (F =-,'), as
calculated from Eq. (A5), vs its unperturbed
separation from '"Hg. The perturbation is found
to be about 3 mK. Thus we correct the position of
the '"Hg (F=-,') component by shifting it 2 mK to-
ward ' Hg. We also add a 3 mK uncertainty which
represents an estimate of the accuracy of this
correction.
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In the case of the '"Hg (F =-, ) component no

accurate correction can be made since the loca-
tions of the perturbing components are not well
known. Consequently, we did not rely on the mea-
surements of this component for our final results.

IV. RESULTS AND DISCUSSION: QUADRUPOLE
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FIG. 8. Zeeman-scanned optical-pumping profile of
t~sHg E = $ component in separated isotope (S6.1-% Hg)
cell. The excitation was with a Hg (94@ isotopically
pure) lamp. The resonance cell was kept at 200 C and
its tail at 20 C.

In view of the precision of the results that we
obtained in these measurements, it is sufficient
to evaluate the hfs Hamiltonian"'"

H=AI J+aq.,
simply in terms of the magnetic dipole and electric
quadrupole interaction constants 4 and B without
corrections for perturbations by other levels. "
The quadrupole operator in Eq. (3) is given in
terms of the nuclear spin I and the electronic
angular momentum J operators as

2(1 J)'+-'(i i)-I'i'
2I(2I- 1)J(2Z- 1}

From Eqs. (3}and (4), and the appropriate values
I=-,' and J=1, we calculate the required matrix
elements for the three total angular momentum F
levels of '"Hg. The results for the hfs energies
E or frequencies E/It (i't is Planck's constant),
relative to the undisplaced center of gravity (CG)
of the level, are

E/It (E=-,') =-'4+~B,

E/Ir (E= —') =-A —B,

E/It (E = a) = —aA+ a4 B

The measured intervals 4 are consequently
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TABLE IQ. Perturbations of @Hg and ~ Hg hfs components in a natural-mercury cell. All perturbations are posi-
tive, i.e., away from the perturbing isotope.

hfs component being
perturbed and its isotopic

abundance
(%)

199(k)-16.8

199(II)-16.8
201(~)-13.2
201(f)-13.2
201(g)-13.2

Perturbation
measured from peak

(mK)

12.v(5v)

1.7(37)
5.0(40)
8.V(53}
9.7{73)

Perturbation
measured from

2 —intensity
points
(mK)

24.8(40)

1.0 (71)
6.0(40)

10.V(35)
18.0(38)

Perturbing hfs
component and its
isotopic abundance

201($)-13.2
204-6.8
201 (y) -13.2
199(+g)-16.8
198-10.0
199(~)-16.8
204-6.8

Pe rturbirg
separations

Qv

(mK )

25.0
3.2
4.8
4.8

22.6
25.0
21.8

Note that the I" =
& component lies to the smaller-

wave-number side of the center of gravity of the
'"Hg 2537-A transition.

Using our previously measured magnetic dipole
interaction constant' for 'O'Hg, we obtain from the
E = —E =3 separation the electric quadrupole in-
teraction constant

8= 18(5) mK (uncorrected)

J3= 15(7) mK (corrected for perturbations).

As noted in Sec. ID 83, because of the large un-
certainty of the perturbations of the I" =

& compo-
nent, we do not use it in our final results.

From these hfs components and Et(. (5) we also
obtain the isotope shift (&,) relative to "'Hg:

&s(198-193)= 386(4) mK (uncorrected)

neutron-number neighbors, the CG of an odd-neu-
tron isotope lies closer to the smaller even-neu-
tron-number partner. %'e have defined an odd-
even staggering parameter to describe this effect
as"

ni [(N + 1) —(N) ]
k&~[(&+ 2) —(N)]

where & is the neutron number. Ne discuss below
the interpretation of y in the light of nuclear polar-
iz ability.

If we use our value' for the isotope shifts of
4Hg and Hg we obtain

y("'Hg)= 0.70(27) (uncorrected}

and

y("'Hg)=0. 74(30) (corrected),

whereas, if we use the values of Davis et al. , ' we
obtain

y(' 'Hg) = 0.51(11} (uncorrected)

n, (198-193)= 383(7) mK (corrected).

A quite general observation in isotope-shift
measurements has been that relative to even-

y('"Hg) = 0.56(14} (corrected).

The differences between the corrected and uncor-
rected values of y are seen to be negligible when

Mercury hfs
component

Calculated
perturbation

(mK)

Perturbation from
experiment

(IK)

199(k)
199(II)
201(-,')
201(~ )
201(5)

10.0
1.0
5.0
8.7

11.2

12.v(5v )
1.7(37)
5.0(40)
8.V(53 }
9.v(v3)

TABLE IV. Comparison of calculated and observed
values of perturbations of natural-mercury hfs compo-
nents. Note that the parameters for the calculation
were obtained by fitting the ~Hg F= $ component.

hfs
component

Uncorrected
position

{mK)

Corrected
position

(mK }

911.0 {.48 )
572.4 ( 50 )
83.3(3V )

5V2.4( 50)
80.3(6V )

TABLE U. Positions of ~+Hg hfs components relative
to ~+Hg with corrections for perturbations by neighbor-
ing isotopes (see Flg.9). Uncertainties in the locations
of the perturbers relative to the E =y component pre-
cluded a reliable calculation of its correction.
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I98 I 93 l96
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0 83.3(37) I37(4) 572.5( 50) 818 9II.2(48) 975
802(5) 958 (6)

FIG. 9. Hyperfine structure of the 2537-A line showing
the measured positions in mK of the '~3Hg components
relative to 98Hg and of the possible perturbers. The

Hg results, corrected for these perturbations, are
given in Table V. The measurements of the nuclear
isomers are (a) from Ref. 6 and (b) from Ref. 2.
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compared to the discrepancy due to different mea-
surements of '"Hg. Thus, in our discussion, we
refer only to the corrected values.

In Fig. 11 we plot the staggering parameter as a
function of the neutron number for the measured
mercury isotopes, including the above results.
The central values of y("'Hg) are seen to exhibit
appreciable staggering.

%e have attempted' to interpret odd-even stag-
gering as a measure of the polarization of the
nucleus by the outer neutrons. Near the closed
neutron shell, += 126, the isotope-shift data
indicated that added higher-angular-momentum
neutrons appear to be more effective in polarizing
the nucl, eus, and hence in producing the changes
in the mean value of R' of the nuclear charge dis-
tribution which are reflected by the isotope shifts.
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FIG. 10. Calculated perturbation of 3Hg {E=~6) by
'~SHg vs the unperturbed separation between the lines.
The lamp and cell Doppler-width parameters are ea
=1800 MHz=60 mK, and A) D=1300 MHz=43. 4 mK. The
absorption parameters ko J are 0.75 and 1.85 for Hg
{S'=2) and Hg, respectively. {L3v); shows the "initial"
unperturbed separation (which would be the case if ~93Hg

were not perturbed) and {Av)& the corresponding "final"
perturbed value. The latter is equal to the experimental
result.

FIG. 11. Plot of the staggering parameter y as a func-
tion of neutron number for the mercury isotopes. The
shell-model states of the odd neutrons are indicated.
The three points marked with x's refer to the isomeric
states with nuclear spin ~2. For clarity, the Ã =113 and
N =115 points are offset slightly along the abscissa.
The data for the previous results are given in Ref. 2.

Farther from the closed neutron shell the nucleus
should become more readily polarizable and the
lower-angular-momentum neutrons become in-
creasingly effective in polarizing the nucleus in
this picture.

On this basis, we would expect y("'Hg) to tend
toward 1. We would also expect y("'Hg) &y(' 'Hg)
(see Table VI). We compare these isotopes be-
cause both have i= &. Clearly our results do not
give such a high value, although the error brack-
ets in Eq. (7) allow for consistency with the ex-
pected trend.

In Table VI we compare nuclear ground-state
experimental staggering parameters for mercury
with the calculations of Reehal and Sorensen. "
These are based on the pairing-plus-quadrupole

TABLE VI. Comparison of theoretical and experimen-
tal odd-even staggering parameters for mercury.

Isotope Theory' Experiment

193
195
197
199
201
203

O.69
0.88
0.82
0.82
1.00
0.99

o.vo (2v)'
0.95(16)
o.6v( 9)
o.2vo{3)
0,607(3 )
0.60 (7)

'Lowest-order perturbation-theory results of B.S.
Reehal and R.A. Sorenson, Nucl. Phys. A 161, 385 (1971).

Values from W.J. Tomlinson, III and H. H. Stroke,
Nucl. Phys. 60, 614 (1963), except as noted.

Present work.
d 0. Redi, Ph. Q. thesis (M.I.T. , 1965) (unpublished); and

O. Redi and H. H. Stroke, Phys. Lett. 8, 257 (1964).
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model and consider the isotope shifts to reflect
only variations of deformations. The agreement
between theory and experiment is seen to be rea-
sonably good for the first three isotopes, though
quite poor for the last three. We also note that
there are measurements for several nuclear
isomers in mercury for which no calculations have
been made. Our qualitative interpretation, "hom-
ever, is in reasonable accord for them also.

V. CONCLUSION

A new Zeeman-scanned optical. -pumping method
has thus been developed for measuring the hfs and
isotope shift of any isotope that can be optically
pumped. The effects of overlapping lines from
other isotopes can be eliminated if their g factors
differ from that of the isotope being resonated.
However, nonresonating isotopes may still have an
effect on the measurements through their influence
on the line profile of the exciting light. The result
of the isotope-shift measurement shows that '"Hg
follows reasonably the trend obtained from the
other isotopes. Our measurement of the quadru-
pole interaction constant should facilitate further
level-crossing work which, in turn, will allow a
more precise determination of the isotope shift.
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APPENDIX: QUANTITATIVE INTERPRETATION
OF PERTURBATIONS IN SCANNING PROFILES—

APPLICATION TO NATURAL MERCURY

A complete analysis of the passage of light in an
optically pumped medium that would allow a quan-
titative accounting of the perturbations of the
scanning profiles mould require a quantum-me-
chanical calculation along the lines described by
Mathur, Tang, and Happer. " Gn the basis of our
experimental results with natural-mercury iso-
topes, the hfs of which are known, we found that
a less rigorous and simpler model calculation
leads to reasonabl. e agreement mith the experi-
mental values.

Let us assume that the lamp emits a spectral
line mith a Gaussian line shape,

f,(v) = C exp[-4(ln2)[(v-v')/oD]'),

where C is a constant, n& is the Doppler width of

the lamp line, and v' is the frequency about which
the line is centered. A portion of I,(v) will be
absorbed by the atoms in the resonance cell and
reradiated in all directions. The transmitted in-
tensity, for all frequencies, mill then be given by

I, V)e "1'""dV, (Al)

where L is the absorption length. The absorption
coefficient

k, (v) = k„exp[- 4(ln2) [(v- v, )/av~]'),
centered about the frequency v, with a Doppler
width &vL„ is assumed to be that of the isotope for
which we have NMR. The maximum absorption
coefficient" is given by

where ~0 is the wavelength of the transition, T the
excited-state lifetime, N the density of the ground-
state atoms, and g2 and g, the statistical weights
of the excited and ground states, respectively.
Suppose that the cell also contains a perturbing
isotope which absorbs at the frequency v, . (The
treatment can be extended simply to any number
of perturbing isotopes. ) Then Eq. (A1) becomes

Ig I0 v exp I(t'1 v) L k2 v L d v

or, explicitly,

r,( ', „,)= fecxp[- 4()pp)[( — ')/p [*

2-4(l n2) I ( V -U1) /21DD ]

01

-4()n z)[[u-u&) .(cluD1 1d v02

where we have assumed that the Doppler widths
of isotopes 1 and 2 are approximately the same-
a good approximation for the isotopes of mercury.
In order to evaluate this integral we make the sub-
stitutions x=—(v-v, )/b. vD, v=- v, —v', and av—= v, —v, .
Eq. (A3) then becomes

i (, p ) cf cepp=[ —4() p)[( pn )l

-4x21r. 2
01

-p ( ) n p ) [p -n u!nuD ]
02

(A4)

mhich is an equation that gives the detected inten-
sity as a function of v, the separation between the
lamp and resonated isotope line centers. The
first term in the curly brackets of (A4) tends to
make Ir(v, ~) peak near v=0, as expected. How-
ever, isotope 2 nom also has an influence mhich
depends upon its separation &v from v, and on the
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relative abundance of isotopes 1 and 2 through the
absorption coefficients k„and k„. The selective
nature of the optical-pumping process can now be
taken into account by noting that only isotope 1 is
being resonated. Therefore, all of the time de-
pendence is contained in its absorption coefficient

ka = ko (t) = ko + k,",e'

where lpga is the dc part of the absorption coeffi-
cient, &py is the amplitude of the ac part, and ~1
is the resonating frequency. Inserting this into
Eq. (A4) and Fourier analyzing the time-dependent
intensity yields a nonzero Fourier amplitude Ir(~)
only for &, and its harmonics. Since we are using
narrow band detection we will see only the first
harmonic, Ir(~, ):

Ir(~,)(P, Sv) = [Cko', I.eve/(u, ],

x e 4 ln2 xgp++ p ~D $0&L

—k I '(i"')[' ~'/s"D] —421 2t d02 (A5)
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FIG, 12, Calculated perturbation of the ~Hg E=+~
component by the Hg E = ~~ component vs koL of the
perturbed 20~Hg. The lamp and cell Doppler-width pa-
rameters are uD =1800 MHz =60.0 mK and Dva = 1300
MHz =43.4 mK, respectively. The arrow indicates the
experimentally observed perturbation obtained by com-
paring the peak of the corresponding Zeeman-scanned
optical-pumping signal. with the actual position, as
measured by Schweitzer (Ref. 14).

The last term in the integral tends to peak the
signal sharply around x= 0(v = v, ) and accounts for
the selectivity for isotope 1.

The integral in Eq. (A5) was evaluated numeri-
cally on the New York University UN%AC 1108
computer using a program (Scan '7) developed for
this problem. The results are shown by the dashed
curves of Figs. 6 and 7.

The effective Doppler width +& of the lamp has
been chosen so as to make the widths of the cal-
culated scanning profiles correspond approximate-
ly to those of the experimental profiles. This val-
ue, ~& = 1800 MHz, has been used throughout these
calculations. It can be shown" that the calculated
perturbations are not very sensitive to the exact

value of +&. For the Doppler widths of the isotopes
in the cell we use &v& =1300 MHz, which cor-
responds to the experimental cell temperature of
200'C.

With the use of Eq. (A2) one can calculate the
absorption coefficient 4, from a knowledge of the
lifetime of the '&, state and the atom density in the
cell. This yields k, =1.57&10 "(g,/g, )h'. If the
density + is controlled by a tail temperature of
20 C then we obtain from the corresponding mer-
cury vapor pressure &=4.0&& 10"atoms/cm'. If
w'e now perform our scanning experiment on
'"Hg(E= ), only 15.2% of these atoms will con-
tribute to the absorption coefficient. Thus
(k,)20,&, ~+=0.415. Experimentally we measure
(k,f )20,&, /» =0.25 (see Fig. 12). Thus the effective
absorption length for '"Hg(+ = &) is (I-.ff)goy(y/g)
=0.6 cm, a value quite reasonable for the size of
the cells used (diam ~ 1.5 cm). However, rather
than proceed in this manner for all the isotopes
investigated, it is more convenient to treat the
product k,L as a single parameter which one ob-
tains by comparison of theory and experiment.
Once we have arrived at a value of k,L for a single
scanning profile we can use it to predict all sub-
sequent profiles.

The values of k,L used in Figs. 6 and 7 were
arrived at as follows. The adjustment of koL is
most easily done for one of the hfs components
"'Hg(+=-,'), '"Hg(F=-.'), or "'Hg(E=-,'), since
each one is perturbed by a single perturbing com-
ponent. For example, for the ' 'Hg(F=-,') compo-
nent w'e can plot the perturbations of this compo-
nent vs k„L. This is shown in Fig. 12. A com-
parison of experiment with the calculations then
yields (k 1), (0, /, ) =00.25.

The hfs components in the I'1 state of a particu-
lar isotope of mercury are well resolved spectro-
scopically. Thus we never excite more than one
of the "'Hg components at a time and, from the



HYPERFINE STRUCTURE AND ISOTOPE SHIFT OF ~ ~ ~

value (AoL)„,&,~,~

= 0.25, we obtain the correspond-
ing values (AoL), o,(,go) =0.50, and (koL), o,(,(o) =0.'l5
for the remaining 'O'Hg hfs components with the
use of appropriate statistical weights in (A2). With
the use of the relative abundances of the natural-
mercury isotopes we obtain furthermore
(~oL)ioo(i~& =o 84 (&oL)ioo(o;o) = I ~ 2'I (&oL)ioo = I ~ l4
and (koL),~=0.78. These values are used in the
evaluation of Eq. (A4). The calculations yield the
perturbations shown in Table IV.

It can be seen that with the aid of Eq. (A5) we
can now predict the perturbations of the natural-
mercury absorption line peaks to within about 3
mK. Of course the actua/ line positions are un-
certain by the amounts shown in parentheses in
Table IV. In addition it can be seen from Figs. 6
and 7 that, although the peaks of the calculated
and experimental curves agree reasonably satis-
factorily, the asymmetric shape and structure of
some of the experimental curves is not well pre-
dicted. One of the reasons for this is probably
due to the fact that the line shape emitted by the
lamp is not a simple Gaussian as we have assumed.
If the lamp is not cooled sufficiently it will emit

a slightly self-reversed line which will be re-
flected in the shape of the scanning profile.

In addition our model does not take into account
the actual geometry of the experiment, in which
different portions of the incident light beam are
absorbed by varying thicknesses of mercury vapor.

I amp impurities, i.e., the presence in the lamp
of small amounts of mercury isotopes other than
'"Hg, could be expected to contribute to some of
the structure in the scanning profil. es. However,
we found that when we tried to account for this
through an additional term in Eq. (A5) weighted
according to the relative concentrations of the
impurity and of '

Hg, this contribution does not
produce the observed structure in the scanning
profile.

Finally, we note that illumination with off-re-
sonant light can shift the NMR frequency ("light
shift"" "): The shifts are in opposite directions for
o, and o light. We verified that in our experi-
ment these shifts produced negligible effects, as
can be seen, for example, from the result shown
in Fig. 8.
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