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The ground-state hyperfine constant 4 and the nuclear-to-electronic g-factor ratio 8,/8; of *Mg* have been
measured by a laser optical-pumping double-resonance technique. The ions were stored in a Penning trap at a
magnetic field of about 1 T. The results are 4 = — 596.254 376(54) MHz and g,/g, = 9.299 484(75) 10~°. The
magnetic field at the ions was stabilized by servoing it to an (dm, =0, Am, = = 1) electronic Zeeman transition.
Other hyperfine (Am, = £ 1, Am, = 0) transitions were detected while the field was thus stabilized. The derivative
of the (m;,m,) = (—3/2, 1/2) to ( — 1/2, 1/2) transition frequency with respect to magnetic field B, goes to zero at
B,~1.24 T. The corresponding resonance was observed at this field with linewidths as small as 0.012 Hz
(@ = 2.4 10") by implementing the Ramsey interference method with two coherent rf pulses separated in time by

upto4l.4s.

I. INTRODUCTION

The ground-state magnetic-dipole hyperfine con-
stants (A values) of the neutral alkali atoms have
been measured to high precision by optical-
pumping and atomic beam magnetic resonance
techniques.!*? A variety of theoretical methods
have been used to calculate these quantities.®* By
comparison, much less experimental and theoret-
ical work has been done on the singly ionized alka-
line-earth atoms, which are isoelectronic to the
alkalis. Purely optical measurements generally
suffer from low resolution. Direct and indirect
optical- pumping methods have been used to meas-
ure the ground-state A values of several alkaline-
earth ions and some other ions that have a 2, ,
ground state,* either in buffer-gas cells [Ba*, Cd*,
Be*, Mg" (Ref. 5)] or in ion traps [He*, Hg" (Ref.
6), Ba* (Ref. 7)]. Also, electron-spin resonance
(ESR) spectroscopy has been used to study Mg*
(Ref. 8) and Cd* (Ref. 9) trapped in solid rare-gas
matrices, where the A values may be shifted from
their free-ion values by a significant amount. This

shift is typically a few percent for the neutral alka-

lis.}® The ground-state A value of Li-like fluorine
has been measured by the method of perturbed
angular correlations.!* A few calculations of the
ground-state A values of alkalilike positive ions
have been published, especially for the Li
series.3:12

In this paper, we report on the first high-pre-
cision determination of the ground-state A value
of the free 2Mg* ion. The nuclear-to-electronic
g-factor ratio g ,/g s was also determined. A pre-
liminary report on these measurements has ap-
peared previously.'?

Our experimental techniques have several un-
usual features:

(1) The ions were stored in a Penning ion trap
in ultrahigh vacuum. Perturbations to energy

Pl

levels caused by collisions with neutral molecules
or other ions or by the trapping fields were very
small, except for the Zeeman shift due to the
large applied magnetic field. Relaxation times
were many seconds so that very narrow reson-
ances could be observed.

(2) Resonant light pressure from a frequency-

- doubled dye laser was used to reduce the ion tem-

perature to less than 1 K, thus reducing all Dop-
pler effects, and to confine the ions to a small
volume around the trap center, which reduced
magnetic-field inhomogeneity effects.!*8

(3) Laser optical-pumping, double-resonance
techniques can achieve good signal-to-noise ra-
tios, even with very small ion numbers.!” In fact,
double-resonance signals can be observed from a
single ion %18

(4) The experiments were carried out in a high
magnetic field, which was needed to confine the
ions. In this case, the transition frequencies de-
pend upon A, the g factors, and the magnetic field.
Short-term fluctuations (~1 s) of the magnetic
field imposed the main limitation on the deter-
minations of A and g,/g,.

The details of the experimental method are dis-
cussed in Sec. II. The values of A and g,/g, are
calculated from the data and their uncertainties
are estimated in Sec. III. In Sec. IV these values
are compared with the results of other experi-
ments and with theory, and applications and ex-
tensions of our experimental techniques are dis-
cussed.

II. EXPERIMENTAL METHOD

A. BMg" level structure
Singly ionized Mg is isoelectric to neutral Na.
The ground state is labeled 3s2S,,,, and the first

excited states are labeled 3p 2P, (J=4%,2). Light
of wavelength 279.6 nm was used to drive the
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transition from the ground state to the 3p?P,,,
level. The 2°Mg nucleus has nuclear spin I=3, so
the ground and excited states have hyperfine struc-
ture. The experiments were carried out in a mag-
netic field of about 1 T, so that the nuclear and
electronic angular momenta T and J were essen-
tially decoupled. Figure 1 shows the ground-state
energy levels as a function of magnetic field. The
hyperfine constants of the 3p ?P, ,o State have not
been measured. However, they can be estimated'®
from the known 3p %P, fine structure splitting®
and the known magnetic dipole?* and electric quad-
rupole?? moments of the 2*Mg nucleus. These val-
ues are A=~ -18 MHz and B=22 MHz. A value for
the effective nuclear charge Z,=10 was assumed.

B. Apparatus

The basic experimental apparatus has been de-
scribed previously.!®® A Penning-style ion trap,
which uses a uniform magnetic field and a quad-
rupolar electrostatic potential,?® was used to store
the ions. The characteristic dimensions of the
trap were 7, =1.64z,=0.63 cm. Typical oper-
ating parameters were V,=7 V and B,=1 T. *Mg*
ions were loaded into the trap in the following way:
An electron beam coincident with the trap axis
created positive ions by collisions with background
gas, which were confined by the trap. An oven
containing 2°Mg of 98% isotopic purity was heated,
and the #*Mg neutrals underwent charge-exchange
reactions with the trapped positive ions to yield
trapped Mg* ions. The magnetron radii of theions
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FIG. 1. Ground-state energy levels of ¥Mg* as a
function of the magnetic field By,. Note the transition
from low field, where T a_..nd J are coupled to form the
total angular momentum F, to high field, where they
are decoupled. All of the experiments were done at
high field.

increased slowly due to collisions with background
gas. The storage time has been observed to be
about one day without light pressure cooling or
confinement. The number of ions initially stored
could be varied from about 10* down to about one
by varying the current and duration of the electron
beam. Typical numbers for the experiments re-
ported here were about 10 to 100 ions. The rea-
son for using such small numbers was that in or-
der to get experimentally convenient optical-
pumping time constants of no more than a few sec-
onds, relatively high light intensity was required.
Since the total available power was low (<40 uW),
it was necessary to focus the beam to a small spot
size (about 50- um diameter). The maximum ion
density is limited by space-charge effects, so in
order for the ion cloud to be small enough to have
good overlap with the focused beam, the total ion
number had to be small. During the resonance ex-
periments, the background pressure was main-
tained below 1.3 X 10~7 Pa (10™° Torr).

The source of 279.6 nm radiation was the second
harmonic of the output of a single-mode cw rhoda-
mine 110 dye laser. The frequency doubling took
place ina 90°-phase-matched AD*P (deuterated am-
monium dihydrogen phosphate) crystal, operatedata
temperature of about 117 °C. The uv power generated
was typically between 5 and 30 uW. The band-
width of the dye laser was about 1 MHz and could
be frequency stabilized in a long term to about
+200 kHz by locking it to a saturated absorption
hyperfine feature in I,. If the laser frequency was
fixed in this way, fine tuning could be accom-
plished by varying the trap magnetic field to Zee-
man shift the Mg* levels.

The second harmonic radiation was separated
from the fundamental by a prism and focused into

' the trap, passing through 3-mm holes drilled into

the ring electrode. The beam entered and exited

. from the vacuum enclosure through Brewster-

angle windows. Resonance fluorescence photons
emitted into the backward direction inside an f/4
cone were collected by a flat mirror set at 45° to
the incident beam and imaged by lenses onto a
photomultiplier tube (PMT). (The incident beam
passed through a hole in this mirror.) Two stages
of spatial filtering were used to reduce background
due to light scattered from the windows. An inter-
ference filter centered at 280 nm and a Corning
7-54 glass filter reduced background due to light
at other wavelengths. The net detection efficiency
for a photon emitted from an ion, taking into ac-
count the detection solid angle, mirror reflectiv-
ity, transmission of the lenses and filters, and
PMT quantum efficiency, was about 2 x 1075,

Data collection was controlled by a minicompu-
ter, which swept the rf or microwave frequency
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used to drive the 2*Mg* ground-state transitions
and recorded the number of photons detected by
the PMT. The output of various frequency synthe-
sizers was applied to a probe near the gap between
the endcap and ring electrode and used to drive the
nuclear spin flip (Am; =0, Am,=+1) rf transitions
at about 300 MHz. The output of a klystron was
directed at the trap from the end of a waveguide
positioned outside one of the Brewster windows
and used to drive the electronic spin flip (am ;=+1,
Am ,=0) microwave transitions at about 30 GHz.
The klystron was phase locked to the third har-
monic of a microwave frequency synthesizer. For
high-accuracy work, the frequency synthesizers
were phase locked to the output of a cesium atom-
ic beam frequency standard. The computer also
controlled an rf switch and a light shutter, which
were necessary for some of the resonance
schemes.

C. Resonance methods

The basic principles of the optical-pumping,
double-resonance methods have been outlined pre-
viously.!” Resonant light pressure was used to
cool the ions to roughly 1 K and to confine them
to a small volume near the trap center. The elec-
tronic Zeeman splitting was much greater than the
Doppler width. With light polarized perpendicular
to the magnetic field and slightly lower in fre-
quency than the (%S, ,, m,==3, m,==3) to (3P, ,,
m,= —%, Mmy=— 3) transition frequency, the steady-
state population of the (%S, ,, m ,=—3, m,=~})
level was about 94% and the (%S, ,, m,=~3, m;=3)
population was about 6%, as a result of competition
between relatively weak off-resonance transition
rates.'” The frequency detuning from the reson-
ance center, typically about 30 to 50 MHz, was
necessary in order to provide cooling.!*33 At the
light intensities used, these weak pumping rates
were about 1 s™!, much faster than any other re-
laxation rate between ground-state sublevels.

The optical-pumping mechanism is unusual in
that the (m,=—%, m; =—3) ground-state sublevel,
which is driven to the excited state at the highest
rate, retains the highest steady-state population.
The optical transition frequencies are shown in
Fig. 2. Optical pumping into the m,; =~z 3 ground-
state manifold takes place by the same mechamsm
as for *Mg*, which has zero nuclear spin. The
m; quantum number can be ignored for this part
of the discussion. For light polarized perpendic-
ular to the magnetic field, m, must change by +1
in a transition from the ground state to the ex-
cited state. In spontaneous decay from the ex-
cited state to the ground state, m, can change by
O or +1. Thus, the —3 —~3 transition, which is
strongly driven by the laser, and the +3 -3 tran-
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sition do not optically pump the ground state. The
first and second numbers refer to the ground- and
excited-state m; values. The other allowed tran-
sitions, +3—-3 and —3—~+3, do cause optical
pumping because the ion can decay to either
ground-state m; manifold. These transitions are
driven weakly in their Lorentzian wings. Since
the second harmonic of the laser frequency is
close to the —3 - —3 transition frequency, its de-
tuning from the — -+ transition is four times
as great as its detuning from the + 3~ -3 transi-
tion (see Fig. 2). Hence, the mJ=+§ ground-state
manifold is depopulated 16 times faster than the
m,=-% manifold. In the steady state, the m,=-3
manifold has 16 times the population of the m, =+3
manifold, provided that the optical-pumping rate
is much faster than competing relaxation rates.
Optical pumping into the (m,=—§) ground-state
sublevels occurs because of hyperfine coupling in
the excited state. The excited-state sublevels,
which are labeled (m,, m, = -%), actually contain
small admixtures of states with lower m,, except
for (m,=-3, m,=-3%), which is pure. For exam-
ple, the state which is nominally (m,=—%, m_,=—%)
contains a small amplitude (about 1.4x 10°* at B,
=1T) of the m,=-3, m,=~3) state, etc. Hence,
if an ion in the (m,, m;=3) ground-state sublevel
is driven to the (m,, m = -3) excited-state sub-
level, it has a small probability of decaying to a
ground-state sublevel with lower m,, unless m,
=-3. Eventually, the ions are trapped in the my
=-% sublevels. The process by which an ion ab-
sorbs and emits a photon and is left in a different
ground-state sublevel has been treated as if the
absorption and emission were separate events. It -
would be more accurate to describe this process
in terms of spontaneous resonance Raman scat-
tering, but this distinction is actually of no im-
portance, since neither the coherence nor the
time delay between the two events is of interest.
The fluorescence level was proportional to the
(S 2y m;= -3, m,=-3) population. Hence, a tran-
sition which changed this population could be de-
tected as a change in fluorescence. In the follow-
ing, let the (3S,,,, m,, m,) state be denoted by
(m,, m,). Both the (-3, -3) to (=3, -3 nuclear
spin-flip transition and the (-3, -3) to (-3, 2
electronic spin-flip transition were detected by a
decrease in fluorescence when rf at the resonance
frequency was applied. When the rf transition was
saturated, the fluorescence dropped by about 50%.
This technique was previously used to detect the
ground-state electronic spin-flip transition of
24Mg*, which has zero nuclear spm 17 When light
was tuned close to the (%S, ,,, m,=3, m;=3) to
(2 Pypy my= 3, mJ—z) transition, most of the pop-
ulation was pumped into the (3, 5) state. The (3,

1
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FIG. 2. Structure of the 25Mg’ 3s 251,2 to 3p P3/2 279.6-nm line at a magnetic field By=1 T. The quantum numbers
m; and m’ refer to the ground and excited states, respectively. The frequency splitting between adjacent electronic
Zeeman components is approx1mately kg By/h. At high magnetic field, m 7 is a good quantum number which is con-
served in the optical transition process. Hence, each electronic Zeeman component splits into six hyperfine compo-
nents corresponding to different values of m;. This splitting is shown for the (m;—m})=(-3% — —3) component. The
hyperfine splitting is drawn to a different scale than the electronic Zeeman splitting. The natural linewidth is 43 MHz,
and the Doppler width is typically 100 MHz when the ions are cold. For most of the optical pumpmg experlments, the
1aser was tuned so that its second harmonic was about 30 to 50 MHz lower than the (51/2' mp=-3, m;=-3) to
( P3/2, m;=-%, m;=-3) transition, which is marked with an arrow.

1) to (3,3 and (3,3) to (3, -3) transitions were
then detected by a decrease in fluorescence when
rf was applied.

Other transitions were detected by more com-
plex resonance schemes. The (-3,3) to (-3,%)
transition was detected by a triple resonance
method. The ions were optically pumped into the
(-3, -1) state, the (=3, -3) to (-3, 3) transition
was saturated by frequency modulating the kyl-
stron through the resonance at a rate of about 10
Hz, and a decrease in fluorescence was observed
as a frequency synthesizer was swept through the
(-3,3) to (-3, %) resonance. The (-3,3) to (-3,3)
transition was also detected by a quadruple res-
onance method. The ions were optically pumped
into the (-3, —3) state and both the (-2, —3) to
(=%, 1) transition and the (-3, 3) to (-3, %) transi-
tion were saturated. A decrease in fluorescence
was observed as the frequency of another oscilla-
tor was swept through the (-2, 3) to (-3, ) reson-
ance. The reason for going to such lengths to ob-
serve this transition is that the first derivative

of its frequency with respect to magnetic field
goes to zero at about 1.24 T, so that broadening
and shifts of the resonance due to magnetic-field
instability are essentially eliminated. The (—%, 3
to (-3, 3) transition frequency becomes field inde-
pendent at about 1.9 T, which was higher than our
electromagnet could reach. These methods could
be extended to observe other transitions with fur-
ther reduction in signal.

D. Resonance shifts and broadenings

The rf and microwave resonances can be broad-
ened and shifted by magnetic-field fluctuations and
drift and by interaction with the uv radiation and
with additional rf fields. At T'=20 K, which was
higher than was reached in any of the resonance
experiments, the fractional frequency shift due to
the second-order Doppler effect is —1.1 X 10713,
which is negligible. Frequency shifts due to col-
lisions with ions and neutral molecules were also
negligible. At low temperatures, the repulsive
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Coulomb force kept positive ions from approaching
each other very closely. At a temperature T, the
distance of closest approach R is given roughly

by kyT=€?/R. For T=20 K, R=8.4x 10"° cm, so
that spin exchange reactions between ions did not
occur. The maximum electric field for this case
is e/R?=21 V/cm, and the rms field is much
lower, so Stark shifts of the hyperfine structure
“are too small to be observable. Electrons and
negative ions were expelled from the Penning trap
because the potentials were set to trap positive
ions. Collisions with background neutrals took
place at a rate of less than about (5 min)-*, which
was determined from the ion temperature relaxa-
tion rate. Spin depolarization rates, which would
increase the resonance linewidths, should be much
lower.* Fractidonal hyperfine density (pressure)
shifts, estimated from the known shift for the
13"Ba* jon,* were less than 10715,

In general, the magnetic-field instability caused
the greatest uncertainty in determining the reson-
ance frequencies. The fractional fluctuations,
measured with an NMR probe, were about 2 x10"7
in 1 s and 10" in several seconds, with occasional
sudden jumps of about 10", The electronic spin-
flip transition frequencies are essentially propor-
tional to the magnetic field B,, so that typically,

a 107° shift in B, causes a 30 kHz frequency shift
at 30 GHz. The nuclear spin-flip transition fre-
quencies have field sensitivities that vary with B,.
A 107° shift in B, at B,=1.14 T causes a 16-Hz
shift of the (-2, -3%) to (-3, —3) transition at 287.7
MHz and a 6-Hz shift of the (-3, ) to (-3, ) tran-
sition frequency at 286.7 MHz. For some experi-
ments, the magnetic field was stabilized to an
NMR probe. Because of the space limitations, the
probe had to be located in a region where the field
was not very homogeneous. This resulted in a
fractional NMR linewidth of about 10-® with a sam-
ple of diameter approximately 1 cm. The field
fluctuations were at best about 1x 10" over short
time periods, as determined by the resonance
linewidths. However, long-term drifts of about
1075, due primarily to changes with temperature
of the tuned circuit in the NMR probe, were ob-
served over periods of about 1 h. This field stab-
ilization method was used to obtain the data re-
ported previously.!® Another field stabilization
method, based on sensing the electronic spin-flip
transition of the ions, will be discussed later.

The light used for state preparation and detec-
tion causes resonances to be shifted and broad-
ened.?* These effects can be eliminated by shutting
the light off while the transition is driven. When
the light was chopped, the linewidth of the (-3, -3%)
to (-3, ) electronic spin-flip transition was ob-
served to be as narrow as 15 kHz, which is con-

sistent with the measured short-term magnetic-
field stability. The light was chopped on and off
with a 50% duty cycle at a rate typically between
10 and 100 Hz. When the light was not chopped,
linewidths as wide as 1.3 MHz were observed.
The narrowing of the resonances when the light
was chopped indicates that the transitions were
driven primarily when the light was off.

The light-broadened line shape can be under-
stood by applying the Bloch equations?® to the ef-
fective two-level system consisting of the (-3, -3)
and (-3, ) states. The ions spend very little time
in any of the other ground-state or excited-state
sublevels. In the absence of the microwave radia-
tion, the state populations relax to their steady-
state values with a time constant 7,, which can be
measured by first saturating the microwave tran-
sition, then suddenly shutting off the microwave
power, and observing the fluorescence return to
its normal level, as shown in Fig. 2 of Ref. 16.
Typically, T, was about 1 s, which corresponds
to an average light intensity of about 3.5 mW/cm?.
The transverse relaxation time T, was much
shorter, since every optical scattering event de-
stroyed the coherence of the effective two-level
system. The resonance linewidth in the limit of
zero microwave power is 1/ (7T,). This was ob-
served to vary from about 40 kHz or less to 250
kHz, depending upon laser intensity and overlap of
the light beam and ion cloud. For steady, uniform
illumination 2/T,=vy,, where y, istheaverage scat-
tering rate. If the overlap of the beam with the cloud
is poor, thenthelight is effectively chopped on and
off as the magnetron motion?® takes the ions into
and out of the beam. In this case, the effective
scattering rate which determines T, saturates at
about the magnetron frequency v, as the light in-
tensity increases.

The resonance linewidths were observed to in-
crease with microwave power in accordance with
theory.?®* This increase gave an absolute calibra-
tion of the microwave magnetic field amplitude
at the ions. Under typical operating conditions,
this was about 2x 10" T (0.2 mG). Similar light
broadening effects were seen on the (=3, —3) to
(~%, -1 nuclear spin-flip transition, but were
not studied in detail. They were eliminated by
chopping the light, so that linewidths of about 30
Hz were observed, due to magnetic-field fluctua-
tions during the time required to sweep the res-
onance. »

In most cases, light shifts® of resonances were
difficult to observe because of field fluctuations
and light broadening effects. However, in one
case, a light shift was definitely observed. The
(=3, to (-%, 1) field insensitive transition at B,
=1.24 T was observed by the quadruple resonance
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method described previously. This transition was
driven with the light on and with it off. In both
cases, the rf pulses at the (-3, 3) to (-3, %) and
the (-3, %) to (-3, 3) transition frequencies were
separated in time in order not to broaden the res-
onance. The resonance frequency was shifted
down by about 3.5 Hz when the light was on rela-
tive to its value when the light was off. This shift
implies an average light intensity of about 10 mW/
cm?, which is in reasonable agreement with the
value inferred from T,.

Bloch-Siegert and other rf line-pulling effects®®
were negligible because of the low powers used.
Line broadenings or shifts due to real or virtual
transitions induced by the auxiliary rf fields in
the triple and quadruple resonance methods can
be eliminated by shutting them off while the main
transition is driven.

E. Zeeman resonance magnetic-field stabilization

A system was developed which servoed the mag-
netic field by keeping the frequency of the (-3, —3)
to (-3, %) electronic spin-flip transition resonant
with a fixed microwave frequency. Other rf tran-
sition frequencies were measured while the field
was thus stabilized. The field stabilization scheme
worked as follows: The light was tuned close to
resonance with the (2, ,,, m,=-%, m;=-3) to
(*P,,,, m,;=~3, m;=-3) transition frequency. A
microwave frequency v, with which to stabilize
the electronic spin-flip transition, was chosen.
The microwave radiation was shut off for 0.2 s,
so that the rf transition could be driven without
broadening from this source. The ions were sub-
jected to microwave radiation of frequency v+ 10
kHz for 0.8 s. Scattered photons were counted
during this period and the number was stored.
The microwave radiation was shut off for 0.2 s.

It was turned on again for 0.8 s at frequency v - 10
kHz and the scattered photons were counted. This
number was digitally subtracted from the one
stored previously. If the result was positive, the
field was too low, and vice versa. This number
was sent to a digital-to-analog converter which
was connected to an analog integrator. The output
of the integrator controlled the magnet power sup-
ply and corrected the field. The cycle was then
repeated. Either the (-3,~3) to (-3, -3) or the
(-3, 3) to (-3, 3) nuclear spin-flip transitions
could be detected by a decrease in the average
photon scattering rate when rf at the resonance
frequency was introduced. The light was chopped
at about 8 Hz to reduce light broadenings and
shifts of the resonances. A typical nuclear spin-
flip resonance curve is shown in Fig. 3. Unfor-
tunately, the field stability achieved with this
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FIG. 3. rf resonance curve for the (m;, m;)
=(-%, —3) to (-2, —3) hyperfine transition. The mag-
netic field B, was actively stabilized by keeping the
(-2, —3) to (-3, +3) electronic spin-flip resonance
centered at 33 466.187 MHz, which corresponds to
B(=1.1405 T. The 35-Hz linewidth is due primarily
to the remaining short-term fractional fluctuations in
By of about 10 -6, Each point represents an integration
time of 4 s.

system was limited by the low signal-to-noise
ratio and the relatively poor short-term stability
of the magnet. The fractional field fluctuations,
estimated from the widths and reproducibility of
the nuclear spin-flip resonances, were about

1x 10", These experiments were all carried out
at By=1.14 T. This was experimentally conven-
ient because the dye laser could be locked to a
strong I, hyperfine feature.

F. Field independent transition

The first derivative with respect to the magnetic
field of the (-3, 3) to (-3, 3) transition frequency
goes to zero at a field of approximately 1.24 T.
The fractional frequency shift 6v/v for a fractional
field shift 6B/B from this field is —0.012 (5B/B)2.
This transition was detected by the quadruple res-
onance scheme outlined briefly in Sec. IIC. The
(~3,-3) to (-2, %) electronic spin-flip frequency
for this field could be predicted from previous
data with an uncertainty of less than 10-°, The
microwave source was set to this frequency and
the magnetic field adjusted until the decrease in
fluorescence corresponding to the double reson-
ance was observed. The field was left unstabil-
ized, but was periodically reset by this method.
The drift, after warmup, was on the order of
(1-2) x 10°% over 30 min, so it was not a serious
problem. The microwave source was frequency
swept at a rate of about 8 Hz by + 750 kHz, so
that the ions would still be in resonance during
part of the sweep, even if the field drifted by
+2X 1073, This field shift corresponds to a fre-
quency shift 6v of 1.4x10"® Hz on the (-3, %) to
(=3, 3) transition. The necessary dye laser fre-
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quency for this field was about 25 MHz away from
the nearest hyperfine feature in I,. The laser
frequency was stabilized to this feature by fre-
quency shifting part of the beam by 25 MHz with
an acousto-optic modulator and passing it through
the I, cell.

The measurement sequence was as follows: The
microwave source was left on continuously. We
estimate that this caused an rf Stark shift of the
(-%,3) to (=%,%) transition frequency of less than
10™* Hz. The light was then blocked with an elec-
tromechanical shutter to eliminate light shifts
and broadenings. An rf oscillator was switched
on for a period of about 1 s to drive the (-3,3)
to (-2,3) transition. The oscillator was frequency
modulated by about 600 Hz at a rate of about 9
Hz to eliminate any sensitivity to field drifts.
After this first rf oscillator was shut off, the
(-2,3) to (-3 ,3) transition was then driven. Both
the Rabi single-pulse method and the Ramsey two-
pulse method were used.?” For the Rabi method,
the rf was switched on for a period £. For the
Ramsey method, the rf was turned on for a period
7, off for a period T, and on again for a period 7.
The two pulses were coherent in phase because the
oscillator ran continuously during the period T,
but was attenuated by 130 dB. At the end of this
resonance period, the first rf oscillator was
switched on for about 1 s to drive the (-2,3) to
(-%,%) transition. The light was then unblocked
and the scattered photons were counted. The
initial fluorescence level was lower if ions had
been driven to the (-%,%) level, than if they had
not. The fluorescence level then rose to the pre-
vious steady-state value as the ions were optically
pumped.'” The initial fluorescence level (first
2 to 4 s) was divided by the final level (next 4 to
10 s) in order to obtain a signal that was less
sensitive to long-term laser intensity fluctuations.
This cycle was repeated several times for each
frequency setting of the (-2,3) to (-3,%) rf os-
cillator in order to improve the signal-to-noise
ratio.

With the Rabi method; one obtains a linewidth
(in Hz) of (1.25¢)™ at optimum rf power. Line-
widths as small as 40 mHz were observed with
t=20 s. With the Ramsey method with T< T and
optimum rf power, one obtains an oscillating
line shape with a central minimum of width of
(2 T)™. The central minimum can be identified
by the fact that it does not change for different
T or by using the Rabi method, which yields only
one deep miminum. Linewidths as small as 12
mHz were observed with T=41.4 s. Since the
frequency was about 292 MHz, this corresponds
to a@ of 2.4x 10'°, Typical curves are shown
in Figs. 4 and 5. No evidence was seen for re-

laxations between ground-state sublevels, even
for these long values of T. However, the initial
scattering rate (and hence, the signal) became

low for T'= 40 s due to heating of the ions while

the light was off, which increased the Doppler
width.

III. RESULTS

The transition frequencies between (m;,m,)
sublevels are given in closed form by the Breit-
Rabi formula.?” There are only three independent
parameters in this formula: A, g;/g;, and
&rbkgBo/h, where iy is the Bohr magnetron and
B, is the magnetic field. Hence, it is sufficient
to measure three different transition frequencies
at the same magnetic field to determine all three
parameters. In order to decorrelate the three
parameters, it is helpful to measure one Am;=0,
Am;=z1 transition frequency, which depends
mostly on g;usB,/h, and two Am;=+1, Am,;=0
transition frequencies, which depend primarily
on A and secondarily on the other parameters.
One of the two Am;=+1, Am ;=0 transitions
should have m ;= —3 and the other should have
m;=% in order to decorrelate A and g;/g;. The
absolute g factors can be determined if an inde-
pendent measurement of magnetic field (actually
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FIG. 4. rf resonance curve for the (m;,m )
=(=%,3) to (—3,%) hyperfine transition. Each circle
represents the average of four measurements (total
detection fluorescence integration time of 8 s). The
solid curve is a theoretical fit. The quadruple reso-
nance technique described in the text was used. The
oscillatory line shape results from the use of the Ram-
sey method to drive the transition. Two coherent rf
pulses of duration 7=1.02 s separated by T =20.72 s
were applied. The vertical arrow marks the central
minimum, which corresponds to the resonance frequency.
The magnetic field B, was set so that the (-3, —1) to
(- %,%) electronic spin-flip resonance was in the range
of 36 248.374 + 0.750 MHz, which corresponds to
By>1.2398 T.
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FIG. 5. rf resonance curve for the (m;,m;)
=(-32,%) to (—%,%) hyperfine transition. Each circle
represents the average of four measurements (total de-
tection fluorescence integration time of 16 s). The
pulse separation time T was 41.40 s. The experimental
conditions were otherwise the same as for the curve
shown in Fig. 4. The vertical arrow marks the central
minimum.

KgB,/h) is made at the same time. However,
this was not done.

At the time of our first experiments, the value
of A was not very well known.>'!%2® The *Mg*
(-%,-%) to (-%,3) transition was found after
searching a frequency range corresponding to
A values from - 628 to — 595 MHz. The value
of g;ugB,/h had been determined from the elec-
tronic spin-flip transition frequency of *Mg*,
before loading *Mg* into the trap. After allowing
for drift of the magnetic field between measure-
ments, A could be determined with a fractional
uncertainty of 2x10-2 by taking g, from previous
NMR measurements and assuming g, was equal
to the free-electron g factor.

The positions of the other transitions could then
be predicted and were observed by the methods
decribed previously. Several transition frequen-
cies were measured at each of several magnetic-
field settings between 1.0 and 1.2 T, and were
used to determine A and g;/g;."®

Our final determinations of A and g;/g, are
based on a combination of the (-%,~3) to (-2,
~3) transition frequency measured with the Zee-
man resonance field stabilization scheme at mag-
netic field B(1) and the (-2,3) to (-,3) field-
independent transition frequency at magnetic
field B(2). There are thus four parameters to be
determined: A, g,/g;, g;4B(1)/k, and g,usB(2)/
h. Four independent equations are provided by
the Breit-Rabi formula expressions for the four
frequencies v(1) through v(4). Here v(1) and v(2)
are, respectively, the (=%,~%) to (- %,3) and the
(-%,-3%) to (=2, -3%) transition frequencies at
B(1) and v(3) and v(4) are, respectively, the (-3,
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-3) to (- %,%) and the (-%,3) to (-%,5) transition
frequencies at B(2). The experimental results
(in MHz) are

v(1)= 33 466.187 13,
v(2)= 287.699 897(48) ,
v(3)= 36 248.374 ,
v(4)=291.996 251 899(3) .

@®

No uncertainty is shown for v(1) or v(3), since
they were fixed experimentally. [Uncertainties in
v(1) or v(3) due to magnetic-field fluctuations would
show up as fluctuations in v(2) or v(4), respect-
ively.] The uncertainty of »(2) due to the lack

of reproducibility of the line centers from run to
run was only about 19 Hz. The uncertainty of »(2)
has been increased to reflect possible offsets of
the field servo system due to light shifts of the
electronic spin-flip transition frequency or to the
magnetic-field inhomogeneity. These effects were
reduced by chopping the light, but may not have
been completely eliminated, because the micro-
wave power and the light were not chopped alter-
nately. Thus, the microwave resonance line
shapes may have consisted of a broad, shifted
component, due to transitions made while the
light was on, and a narrow, unshifted component
due to transitions made while the light was off.
The microwave power was adjusted so that the
linewidths were about 40 kHz, due largely, if

not totally, to short-term field fluctuations. We
estimate that the offset from the light-shifted
component should have caused a fractional shift

in the field of less than 107, which would cause

a shift in v(2) of less than 16 Hz. The field inho-
mogeneity over a typical ion cloud diameter of about
150 um is estimated to be less than 3x 10, and
to a high degree the effect on the resonances is
averaged away as the individual ions circulate
through the volume. A direct light shift of the
v(2) resonance would be accompanied by a broad-
ening of several kHz, which we did not observe.
No uncertainty is shown for v(3), which was swept
by £ 750 kHz around this center value. The uncer-
tainty shown for v(4) reflects, in about equal parts,
the statistical uncertainty of determining the line
center and possible magnetic-field drift within

the limits set by the frequency modulation of v(3).
The results of the fit are

A=-596.254 376(54) MHz,
81/8,=9.299 484(75) x 1075,

(2)

These results are in agreement with, and about

a factor of 4 more precise than our previously
reported values. Essentially all of the uncertainty
of the fit is due to the uncertainty of v(2). Also
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determined were g,y.BB(l)/h= 31962.151585 MHz
and g; g B(2)/h=34745.375 447 MHz. The cor-
responding value of the magnetic field at the posi-
tion of the ions in terms of its value at the position
of the NMR probe was not known very precisely.
Hence, we are only able to say that g, is approx-
imately equal to the g value of the free electron
g., €.8., £,=2.002(2).

We have estimated that all perturbations to A
and g;/g;, such as pressure, Stark, and diamag-
netic shifts are negligible compared to the stated
uncertainties. If the diamagnetic shift of A has
a coefficient comparable to the measured value
for %Rb, ? then its contribution to v(4) is around
0.3 Hz, which is much greater than the uncertainty
of v(4). However, this does not affect the deter-
minations of A and g,/g,, since their uncertainties
are dominated by the uncertainty of v(2).

IV. DISCUSSION

The present result for A is generally in agree-
ment with the previous less precise measure-
ments. An observation of the 3s2S,,, to 3p°P;,,
resonance line has been made by Crawford et al.,
using an atomic beam source and Fabry-Perot
etalons.?® Their reported value for A is - 693(38)
MHz, which differs from ours by 16%. The only
other reported optical measurement of A is that
of Drullinger et al.,'® using the method of laser
fluorescence, stored ion spectroscopy. The iso-
tope shifts and hyperfine structure of the (3s %S, ,,,
my=-3) to (3p?P,,,, m,=~3%) Zeeman component
in a magnetic field of about 0.98 T were observed.
The value obtained was A = —608(50) MHz, in good
agreement with the present result. Both of the
optical determinations depend on assumptions
about the isotope shift (the mass-shift formula
is assumed) and on an estimate of the ?P,,, hyper-
fine structure. However, the uncertainties of
these effects are small compared with the experi-
mental precision. Weber and Gréigel® measured
A by optical pumping in a buffer-gas cell. Their
result, A= -616(50) MHz, is in good agreement
with the present result. Brom and Weltner® have
observed the electron spin resonance (ESR) spec-
trum of **Mg* trapped in a solid argon matrix
at 4 K. Their result was A =-595.0(3) MHz, which
indicates that A is reduced by 0.21(5)% under
these conditions reldtive to its free-ion value (pre-
sent determination). This is less than typical
shifts for alkali atoms under similar conditions.!®

Ab initio calculations of A in ®Mg* should be
possible with about the same accuracy as for
#Na, 3 since the two systems are isoelectronic.

The only such calculation that has been carried
out so far is by Lindgren,3! who obtains A = — 456
MHz in the restricted Hartree-Fock approximation
(- 463 MHz with relativistic corrections) and
A=-545 MHz when core polarization is included
(-553 MHz with relativistic corrections). The
remaining 7% difference between the relativistic
calculation including core polarization and the
experimental result is presumably due to pure
correlation effects involving double excitations.

The semiempirical Fermi-Segré formula!?'32
predicts A= -627.8 MHz, which is 5% too high
in magnitude. The NMR measurement of g;, 2
uncorrected for diamagnetic effects, is used.
Relativistic correction factors are left out. The
derivative of the quantum defect with respect to
quantum number which appears in this formula
was evaluated from the extended Ritz formula
given by Risberg.?® If this term is left out, leaving
the Goudsmit formula, the result (A= -606.4 MHz)
is actually in better agreement with experiment.

Veseth has carried out a Hartree- Fock calcula-
tion of g, of Mg*.®® The values obtained for the
individual correction terms, in the notation of
Ref. 34, are 6,=~17.91x 10", 5,=9.70x 10™°, and
6,==17.66x 10°°, The final resultisg,;=2.0022606,
with an estimated fractional uncertainty of 3x 1076,

Hegstrom, using a simple hydrogenic approxima-
tion for the valence electron, obtains g,/g,=(1-
31)x 10°¢, or g,=2.002257.° The g, value of
%Mg* trapped in a solid argon matrix at 4 K was
reported by Brom and Weltner® to be 2.006(4).

The shift from the free-ion value is consistent
with theory.

Our result for g;/g; can be combined with Ve-
seth’s calculated value of g; to obtain g; for the
free *Mg* ion. This can be combined with the
NMR result for g; of ®Mg? ions in H,0 (Ref. 21)
to obtain the shielding difference

o*=1-g(NMR)/g,(free ion)

=-9.9(9)x 105,

The corresponding shielding differences for the
akali atoms (free atoms versus hydrated ions)
have been measured.*® They also are negative
and increase monotonically in magnitude with
atomic number Z. For »Na, o*=~6.05(10)x 105,
The absolute accuracy of our measurements
could, of course, be substantially improved if
the magnetic-field stability and homogeneity were
improved. Accurate measurements of g, could
be made by comparing the electronic spin-flip
frequency in the ion, g, usB,/h, to, for example,
the cyclotron frequency of free electrons,*’ 2#530/
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h, in the same magnetic field.

These same experimental techniques could be
extended to measure hyperfine constants and g
factors of other ions,® such as Be*. The high
resolution with small perturbations which can be
obtained may make it possible to study small
effects not previously observed, such as the dia-
magnetic susceptibility of the nucleus,? or to
realize new types of frequency standards.
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