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The magnetic-dipole and electric-quadrupole hfs interaction constants of 11-h '**"Hg in the 6s6p *P
state were determined from the observation of four level crossings. Previous studies relied on the
observation of a single level crossing (W. W. Smith) and on optical spectroscopic data. The results,
with second-order hyperfine, Zeeman, and cross Zeeman-hyperfine corrections are A = —2399.60(3)
MHz and B=-655.6(18) MHz. The calculated hfs anomaly 193m A 199 4 1.055(1)%, and the resulting
electric-quadrupole moment is 1.2(1) b. The isotope shift is redetermined by the new hfs results.

1. INTRODUCTION

As part of our continuing investigation®~® of the
systematics of the nuclear structure of heavy
elements through its influence on the atomic spec-
trum, we have measured, with the use of the
level-crossing technique, the hyperfine struc-
ture (hfs) of the (6s6p)°P, state of 11-h **™Hg.
Previously this hfs was studied by optical spec-
troscopy’'* as well as by the level-crossing tech-
nique,® but the earlier study was incomplete in
that only the “main” level crossing (defined in
Fig. 2) was detected and measured. '®*™Hg has
a nuclear spin / =4, and therefore the 3P, hfs
involves both a magnetic-dipole and an electric-
quadrupole interaction. Therefore, with this sin-
gle level-crossing measurement the determination
of the hfs constants could be made only with the
additional use of the optical spectroscopic data.
The accuracy of these data that yielded the elec-
tric-quadrupole interaction constant B, however,
is largely limited by the Doppler width of the spec-
tral lines. The value of the magnetic-dipole hfs
interaction constant A depends only slightly on the
spectroscopic data, and its accuracy is affected
by the natural linewidth. In the present work we
report the measurement of two additional level
crossings for this isotope. These “foldover”
crossings are labeled 3 and 4 in Fig. 2. The new
data yield a somewhat improved value of A and
a much more accurate one of B. If we combine
the recent direct measurements®'® of the nuclear

magnetic moment with the hfs data, the hfs anom-
aly can be determined. The hfs anomaly,” or

Bohr-Weisskopf effect, reflects the influence of
the distributed nuclear magnetization on the hfs.
Our new data are also used to calculate improved
values of the quadrupole moment and the isotope
shift, and serve to check the spin assignment.

1I. EXPERIMENT
A. Level-crossing method

Our experiment was made with the use of the
level-crossing technique.®'® In this, the variation
of the angular distribution of the (6s6p)3P,-(65%)
'S, 2537-A resonance radiation, scattered by
193m™4o atoms in a cell, is monitored as a func-
tion of an externally applied magnetic field in the
vicinity of the value for which two 3P, substates,
u and 4, with energies E, and E,., become de-
generate (level crossing). Here the intensity /
of the scattered light is given by

* i X = A,
I=<R, +£“1“':$”“' M(Aﬁ sz““—l 1)

where x=7(E,-E,,)/li, 7 is the excited-state mean
life, and R, represents scattered light that is in-
dependent of x. A,,., defined and calculated in
Ref. 2, depends on matrix elements of the elec-
tric-dipole operator and the geometry involved

in the scattering process. Our experiment was
adjusted to have the incident and scattered light
and the applied magnetic field mutually perpen-
dicular. If this condition is achieved, A is
real and hence the term in (1), which has a dis-
persion-like shape, is zero. Furthermore, with
this arrangement A, is nonzero only for | u - u'|
=2.

The energy levels of the *P, hfs of '*™Hg in an
external magnetic field are shown in Fig. 1. An
enlargement of the region in which the level cross-
ings were observed is shown in Fig. 2. The mea-
surements of the fields at which the crossings
occur, together with the other requisite data given
in Sec. III B, allow the determination of A and B.
The uniqueness of this determination is discussed
in Sec. IIT A.
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B. Apparatus

The experimental arrangement is shown in Fig.
3. The apparatus was identical to that described
by us in detail in Ref. 2, except for the fact that
the lamp contained high isotopic purity **Hg (>99%)
and that a different type of magnet was used to
vary the wavelength through the value necessary
to excite the !**™Hg levels which are crossing.

We used the o light emitted perpendicularly to the
magnetic field, and eliminated the 7 Zeeman com-
ponent, unshifted by the field, with the use of a
linear polarizer.®

C. Procedure and results

The **™Hg was produced by a *"Au(p, 51) reac-
tion*! with the use of 55-MeV protons from the
Harvard University cyclotron. The 0.15-mm-
thick gold foil was bombarded internally with a
1-pA beam for 12 h, producing ~ 10! atoms. The
vacuum system and the procedure for transferring
the radioactive mercury from the target into the
scattering cell are described in Ref. 12. The
cubic scattering cell, 1 cm on a side, was made
from a commercial unit,'® as described in Ref.

2. This cell was used in the experiment at room
temperature.!*

In experiments with short-lived radioactive
isotopes, the time-consuming search for level-
crossing magnetic fields can be an important
limitation on the amount of data obtainable. This
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FIG. 1. Magnetic field dependence of hfs energy levels
of %mHg in the 6s6p P, state.

problem was greatly reduced in this experiment
by making use of the previously available **™Hg
hfs and isotope-shift data to narrow the magnetic
field search range of the level crossings to a few
hundred gauss and to determine the corresponding
magnetic field shift needed for the lamp.

For the measured level crossings (Nos. 3 and 4,
Fig. 2), we calculate’® changes of intensity at the
photomultiplier ranging from 2 to 3%. Since there
are present in the cell other isotopes of mercury
produced by the nuclear reactions, the value of
R, will be greater than that for *3™Hg alone.
Therefore the above calculation gives an upper
limit on the actual intensity change. In order to
observe such level-crossing signals with a good
signal-to-noise ratio, a lock-in detection system
with magnetic field modulation was used.

Four level crossings were observed in the mag-
netic field region of 7.3-8.1 kG with a lamp scan-
ning field of 6.0 kG. The identification of these
level crossings with **™Hg and specifically with the
Amg =2 crossings Nos. 1-4 in Fig. 2 is discussed
in Sec. III. Precision measurements were made
for level crossings Nos. 1, 3, and 4. The results
of these measurements are given in Table I. An
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FIG. 2. Details of the '™Hg hyperfine energy-level
diagram (Fig. 1) in the region of the Amy =2 level cros-
sings studied in this work. The “main” crossing (i.e.,
of mp levels originating from different zero-field states)
and the “foldover” crossings are labeled No. 1 and Nos.
2-5, respectively. (Only four of the eleven Amp =2
foldover crossings can be seen in this diagram.)
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This rough determination served as a further con-
sistency check on the interpretation of all the data.
Figures 4(a) and 4(b) show typical recorder traces
of the lock-in detector output versus magnetic
fields for level crossings Nos. 3 and 4. The large
slope of the baseline seen in Fig. 4(b) is due to a
change in “modulation pickup.” Modulation pickup
arises from the Zeeman modulation of the wave-
length of the absorption lines of the atoms in the
cell, relative to the fixed spectrum of the incident
light.

The Lorentzian linewidths calculated® from the
lock-in detector output curves were found to be
20(4) and 27(5) G for level crossings Nos. 3 and
4, The corresponding widths AH, calculated from

with!” 7 =1.18(2)x 1077 sec, are 13 and 21 G, in
disagreement with the experimental values. We
assume this disagreement to result from residual
gas-pressure broadening. It has been shown ex-
perimentally!® that, to a precision of better than
one part in 10°, there are no displacements of
the crossing field either under the influence of
mercury-mercury or mercury-foreign-gas col-
lisions, up to pressures of several Torr, or be-
cause of trapping of resonance radiation. Other
possible systematic errors were investigated
previously.?

TABLE 1. '%™Hg Jevel-crossing magnetic field data *given as NMR frequencies vy. The
magnetic field measurements were made with a proton NMR probe b for which the product of
the Bohr magneton in frequency units, pg/h, and the magnetic field H are related to v, by
wpH/h =328.7323(3)v,. The NMR probe-scattering cell magnetic field difference, typically
50 mG, was measured by interchanging the NMR probe and cell position. The identification of
crossing sublevels mp and m}% is discussed in Sec. III.

Crossing no. (mp, mpg) v, (kHz) Weighted mean of all data
(kHz)
1 &, 34381.24(50)
1 34380.51(42)
1 34380.81(33)
3 .9 32372(8) ¢ 32372(8)
4 [C ) 31231(10) 31231(10)

2 Preliminary results were presented in Bull.

b See Ref. 2.
¢ This value is from Ref. 5.

Am. Phys. Soc. 10, 456 (1965).

d This result has been corrected for deviation from perfect antisymmetry of the lock-in de-
tector output curve. The correction [a subtraction of 5(2) kHz from the raw data] was made
with the use of Eq. (A9) of Ref. 5, which is sufficiently accurate for the low magnetic field

modulation used.



11I. ANALYSIS AND DISCUSSION

A. ldentification of observed level crossings

We attribute the observed signals to '™ Hg Amp
=2 level crossings for the following reasons:

(i) The experiment has a very specific sensitivity
to mercury because of the requirement of an over-
lap of a mercury emission line with an absorption
line of the atoms in the cell, and because of the
requirement of sufficient vapor pressure at room
temperature.

(ii) Only Amg =2 level crossings are observable
with the rectangular geometry used in this experi-
ment (see Ref. 2).

(iii) All level crossings associated with isotopes
and isomers of mercury, except **Hg and '**™Hg,
produced by the 55-MeV Au(p, xn) reactions have
experimentally well known or precisely calculable
magnetic field values. On this basis the observed
level crossings can be assigned only to **Hg or
193™Hg or both.

(iv) Earlier results for the %*Hg (I =3) hfs and
magnetic-moment measurements imply that at
most one Amg=2 level crossing is expected for
this isotope in the magnetic field region of the
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FIG. 4. Typical recorder tracings of the lock-in
detector output, obtained with a 3-sec time constant,
for (a) level crossing No. 3, and (b) level crossing No.
4. The NMR frequency markers define the magnetic
field scale. Results from increasing and decreasing
magnetic field sweeps (rate =12 G/min) were averaged
in order to cancel the shifts due to response lag time
of the lock-in detector.
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signals reported here.

(v) A satisfactory fit of the four measured level-
crossing field values can be obtained with a hyper-
fine Hamiltonian for I =X—the known spin of '**™Hg.

Uniqueness of the hyperfine-structure deter-
mination from the level-crossing magnetic field
values was investigated. The nuclear spin and the
3p, state A value (obtained, within the hfs anom-
aly, from the optical-pumping data3'®) are known
for *3™Hg. Hence it is sufficient to check the
uniqueness of the determination of B. This was
done with the use of the graphs shown in Figs.

5 and 6, as well as a graph covering a larger
range of B/A. The graphs indicated that, con-
sidering all B/A values, there is at least rough
agreement between the set of predicted and ex-
perimental level-crossing magnetic fields only
for 0sB/A=3. Only one B/A value in this range
gave consistency between experimental and ex-
actly calculated values. The other possibilities
in this range, suggested by the graphs but found
to be inconsistent with the data, arise only if we
consider (a) the unlikely possibility of the exis-
tence of one more **”Hg level crossing than was
detected in this experiment in the field range of
7.3-8.1 kG, and (b) the possibility, suggested by
our recent work,' that a Am =2 '*3Hg level cross-
ing may exist in the above magnetic field range®°
and thus could be mistaken for a '°3™Hg level
crossing. The energy-level diagram in a mag-
netic field, showing the unique assignment of
quantum numbers to the observed level crossings,
is shown in Figs. 1 and 2.

As discussed in Ref. 2, the level-crossing data
alone are not usually sufficient to allow a unique
determination of the nuclear spin and/or the sign
of the interaction constants (only the sign of B/A
is determined).

Since, in this case, we have other than level-
crossing data, no such ambiguity exists for '**"Hg.
Indeed, when our level-crossing results are com-
bined with the optical-spectroscopic!'* and the
optical-pumping®® data, we obtain further veri-
fication of the value of the nuclear spin I=%.

B. Calculation of hfs

The hyperfine and Zeeman interactions mix the
(6s6p)®P,, °P,, °P,, and 'P, atomic states suffi-
ciently to give rise to shifts of the *P, level-cross-
ing field values: In the present instance these
are typically four times the experimental uncer-
tainty of the field values. The magnitude and sign
of these shifts are such that a satisfactory fit
(x3=0.4) can be obtained, by least-squares mini-
mization, between the experimental and theoretical
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level-crossing field values even when the latter
are calculated without taking this mixing into
account. Such a calculation, carried out with the
use of the HYPERFINE 4-A computer program,?!
yields the uncorrected hyperfine interaction con-
stants A’ and B’ given in Table IV. These are
used in the calculation of the corrected hfs inter-
action constants, as described below. The un-
corrected constants are specific to the magnetic

0 05 1.0 15
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FIG. 5. Relationship, for 1=, J =1, between B/A
and the level-crossing magnetic-field values H,, given
in units of 7|A| /kpgs. The crossing levels are labeled
by their mp (indicated by numbers n) and high-field m,
(indicated by letters a,b,c) quantum numbers. The cor-
respondence of the value of n with the my levels is
given by mp=4—nand mp=i —n. For the letters we
identify a with m; = m/% =0, b with m; = mj;=+1, and
¢ with m ;= m/; =—1. The two curves labeled ba have
my=+1and m%=0. The labeling in this diagram cor-
responds to negative A. For positive A, the signs of all
quantum numbers must be changed. The method of cal-
culation is given in Ref. 2. The loops that are apparent
here do not occur for I < 4.

field range and the magnetic sublevels involved
in this experiment. Therefore they do not pro-
vide a basis either for comparing directly the
results of different hfs measurements or for the
determinations of the hfs anomaly. For this rea-
son, and for possible other applications requiring
high precision, we calculated the constants A and
B corrected for the perturbations by the neigh-
boring atomic states. These corrected constants
are given by products of atomic and nuclear di-
agonal matrix elements, as is usually done for an
isolated atomic state.

The energies of the *P, hyperfine substates with
second-order Zeeman, hyperfine, and cross Zee-
man-hyperfine corrections were calculated using
the theoretical results of Lurio, Mandel, and
Novick.?? The least-squares minimization pro-
cedure for fitting hyperfine constants to the data
was carried out with the HYPERFINE computer
program, which was modified®® to calculate cor-
rected eigenvalues.

The known atomic constants for the Hg 6s6p
configuration and the **Hg hyperfine interaction
constants used in the **™Hg hyperfine-structure
calculation are given in Table II. These constants
are defined in Ref. 22.

The constant A’ for *3™Hg was used to calculate
approximate values of the single-electron hyper-
fine interaction constants a,(193m), a,/,(193m),
and a,/,(193m), from the '*°Hg constants given
in Table II. B’ was used to obtain b,,,(193m) with
the use of Eq. (13) of Ref. 22. As a first approxi-
mation, proportionality between the single-elec-

g
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FIG. 6. Details of the graph (Fig. 5) of B/A vs level-
crossing magnetic field values for |B/A|=<1.
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TABLE II. Hg 6s6p configuration atomic constants 2
and the *Hg hyperfine interaction constants ? used in
the %™Hg hfs calculation.

gs 1.486110(9) P

cy 0.4278(22)

c 0.9038(11)

a 0.9850(4)

B —0.1725(24)

3 1.094

n 1.354

8y 0.5298x 108 MHz
6, 4.3939x 10® MHz
&, 1.3882x 10° MHz
A(199) 14 754.17(4) © MHz

ay(199) 34 955(45) MHz
ay,,(199) 5036 (173) MHz
a,5(199) 437(15) MHz

2 See Ref. 2.

b 1 evel-crossing result obtained using the same ap-
paratus as in this experiment.

¢C. V. Stager, Phys. Rev. 132, 275 (1963); second-
order corrections recalculated using the constants of
this table.

tron magnetic-dipole interaction constants and the
A values was assumed. Improved values, given
in Table III, obtained by iteration and taking into
account the hfs anomaly, did not result in values
of A and B significantly different from those ob-
tained with the approximate single-electron con-
stants. The result of the calculation of A and B

is given in Table IV. The value of A is used to
calculate the hfs anomaly defined in the caption of
Table III, and B is used to obtain a value of the
nuclear electric-quadrupole moment . The cal-
culated zero-field hyperfine separations Av, /,.,,/,
and AV,,/,-,,/, include the perturbations (=5 MHz)
by other atomic states of the 6s6p configuration.

TABLE III. !®™Hg single-electron hyperfine inter-
action constants. These were calculated with the rela-
tion a;(193m) =a;(199)[ g;(193m) /g;(199)] (1 +1B™A %),
where i =s, 3, or 3 (see Table II), the ratio of the nu-
clear g factors, g;, is given in the caption of Table IV,
and 'mA1%® is the single-electron hfs anomaly. The
single-electron anomalies are calculated from the anom-
aly 1%3mA19 of the measured A values using the relations ?
1BmA 199 _ (1 2)19mA 10 10mALSS _ (0 2)1BmAIY  gng 193mA 198
~0. We define '%mA1% = 4 (193m)g,(199)/1A (199)g; (193m)]
-1,

a (193m) - 5696(7) > MHz
ay,(193m) - 812(28) " MHz
as (193m) - 70.3(24)® MHz
b3,,(193m) 10x 10> MHz

aC. V. Stager, Phys. Rev. 132, 275 (1963).
b Propagated error from the !*Hg single-electron in-
teraction constants.

Our new data are in satisfactory agreement with
the previous level-crossing and optical-spectro-
scopic results®: A =-2399.63(7) MHz and B
=-"T20(90) MHz.

The isotope shifts in optical spectra, for I#0,
can be determined more precisely with the help
of the hfs data obtained from radiofrequency or
level-crossing spectroscopy. Thus for **"Hg we
use the hfs determined in this experiment to re-
evaluate the '*®*Hg-'**"Hg isotope shift in the
2537-A line from the measured position of one
of the three optical hfs components. The com-
ponent used, 3P (F=4%) - 'S was the only one which
was not overlapped or blended with the lines of
other mercury isotopes present in the discharge
lamps. The isotope shift (I.S.) is given for two
independent optical results in Table IV. These
results are discussed in Sec. III C.

C. Discussion

The precise determination of the quadrupole
interaction constant of *3"Hg, in addition to the
previously available value of the magnetic inter-
action constant, allows us to obtain more precise
values of the isotope shift and of the quadrupole
moment. In particular, the availability of the pre-
cisely measured values of A and B allows the use
of only the single fully resolved spectral hfs com-
ponent to determine the isotope shift. Overlap of
hfs components of several isotopes produced in the

TABLE IV. '%"Hg results. The known !»™Hg nuclear
magnetic moment p(193m) =—1.041658(3) 2~ “nm (without
diagmagnetic correction) was used in the hfs calculations.
For the calculation of the hfs anomaly the g-factor ratio
| g,(193m)/g;(199) | =0.160 940 9(3) © was used.

A’ —-2399.71(3) MHz
B’ —666.5(18) MHz
A —2399.60(3) MHz
B -655.6(18) MHz
AVisia-132 18569.1(20) MHz
Avigs_q17 14 937.2(22) MHz
193mp 199 1.055(1)%
1.2(1)9 b

Q
196Hg_193mHg 1.S.
196 g_193myg 1.8,

369(6)x 107 ¢ cm™!
386(8)x1073 f cm™!

2 Reference 3.

b Reference 6.

¢ The sign of the magnetic moment is obtained from
Refs. 1 and 4.

dCalculated from B using @ /B given in Ref. 1. The
Sternheimer correction is not included.

¢ Reference 1. Value recalculated with present hfs
data.

f Reference 4. Value recalculated with present hfs
data.
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same cyclotron bombardment is frequently a seri-
ous problem in optical spectroscopic work. The

esent limitation of the interpretation of the rela-
tive isotope and isomer shifts is imposed by the
optical spectroscopic measurements. As can be
seen from the results given in Table IV, a dis-
crepancy exists in these, pointing to the desirabil-
ity of independent experiment.

The present work, when complemented by analo-
gous measurements in the ground nuclear state,’®
will allow furthermore a better determination of
the isomer shift. This will, in turn, display the
deformation dependence of the isomer shift. We
recall that in the case of heavy elements the iso-
tope and isomer shifts are determined almost
entirely or fully by the variation ( R?) of the nu-
clear charge distribution. The systematic op-
tical study of the electric and magnetic struc-
ture in mercury, which now extends over more
than 20 mass numbers when coupled with the re-
cent work of Otten and his co-workers®* on the

short-lived highly-neutron-deficient isotopes,
represents the most extensive and detailed one
available. For heavier isotopes, it is revealing
charge-distribution aspects that exhibit features
such as the odd-even staggering in the isotope
shifts, which can be correlated with the shell-
model nucleon-orbit assignments.’ For the neu-
tron-deficient ones, on the other hand, a deformed
potential, and in particular a sudden jump in
deformation when reaching mass 185, has been
invoked as a possibility to account for the obser-
vations.?®
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