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The field-independent (AF ==x1, My’ = 0—Mp=0) magnetic hyperfine transition has been
observed in ground-state 1%%Hg ions by optical pumping with a 22Hg lamp. The ions were
confined by a quadrupole rf electric field, imparting to them a discrete motional spec-
trum which leads to Doppler sidebands which can readily be resolved. The central line
was observed to have a fractional linewidth not exceeding 2% 10°*, a degree of resolu-
tion surpassed only by the Mdssbauer effect. A preliminary value for the center fre-

quency is given as 40507 348 050 50 Hz.,

The high-resolution spectroscopic study of the
intrinsic interactions in an atomic system re-
quires, in general, either the elimination of, or
the ability to make a precise correction for, the
effect of the state of motion of the particles and
the effect of extraneous perturbations on the
quantum states of interest. The manifestations
of the Doppler effect in the spectra of particles
interacting with radiation under different motion-
al constraints, such as nuclei elastically bound
in a crystal lattice, or particles diffusing in a
gas, have in the past received considerable at-
tention.” In the microwave region of the spec-
trum, the Dicke effect! has been invoked as a
matter of course to minimize the first-order
Doppler broadening in such diverse studies as the
hfs spectrum of Cs, Rb,% and the H maser.® More
recently, in the experiments on the hfs of elec-
trodynamically stored He ™ ions, departures
from the Dicke conditions enabled resolved Dop-
pler sidebands to be detected.?*

However, in the present work on the rf spec-
trum of electrodynamically suspended ions, no
attempt is made to meet the Dicke criterion ka
<1, where % is the radiation wave number and a

the amplitude of the particle motion. Indeed the
discrete, well resolved, Doppler sideband struc-
ture which the oscillatory motion of the ions pro-
duces, far from being objectionable, contains
useful information concerning the distribution of
energy among the ions, which is required for
making second-order corrections to the center
line. This is evidently true wherever the inher-
ent linewidth of a transition is much smaller than
the frequencies in the motional spectrum of the
particles.

The ions are produced and confined within an
rf quadrupole electric field® whose geometry is
given by ¢ = (U, + V,cosQt)r, %(#?/2~2?). The
equations of motion of an ion with a given e/m
are of the Mathieu type, namely,

¥;+(a; +2q; cos28)x; =0,

where £=Qt/2; a, =-a,/2=4eU,/mr?Q% q,
=q,/2=2eV,/mr,’Q%. For points (a,, q,) and (a,,
q,) within regions of stability in the a-q plane of
the Mathieu equation, the motion is oscillatory
with the following discrete spectrum: w, =(2n
+P)2, where B is a function of the @’s and ¢’s,
and » is an integer. In the presence of a uniform
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axial magnetic field H,, the above quantities are
modified as follows: «a,’=a, +4w /9% w’'=(2n
+B)Q+w;, where w =eH,/2mc is the Larmor
frequency. This complex oscillatory ion motion
will affect the microwave absorption spectrum of
ions irradiated by a plane wave in a manner con-
tained in the autocorrelation function® K(7) = {expli
XxK-7(t)] exp[—ik-F(t+7)]} ae, whereK is the
wave vector and r(¢) is the ion position vector at
time £, Under the experimental conditions ob-
taining in the present work, the collision fre-
quency of the ions with other ions and background
particles is entirely negligible compared to all
frequencies related to the ¢c.m. motion of each
ion. Therefore, in carrying out the statistical
average, the amplitude change is imperceptibly
small during the integration time for the motion.
The computation is drastically simplified; how-
ever, without explicitly carrying it out using the
Mathieu solution, it is evident, on the basis of
the result for a simple harmonic oscillator of
frequency w, namely,

K(7) =Z,,foA’",O(A)J,,2(kA) exp(— inwt)dA,

that one is led to a frequency spectrum consist-
ing of a central line and sidebands at harmonic
intercombination frequencies extending to ~k¥% 3.
Naturally, the detailed shape of each line for
which the behavior at large 7 is important re-
quires the effect of collisions to be included,

Further, under these conditions of particle con-
finement, perturbation-free observation times
are possible (at least to the extent that the elec-
tric fields can be disregarded) which exceed
those presently attainable in spectroscopy. This
was the prime motivation in the development of
the ion storage technique as originally propound-
ed by Dehmelt and subsequently experimentally
applied in the rf studies on He*, H,", and later
the free electron,®

In the work reported here, ultranarrow hfs
(AF =1, M;'=0-M,=0) transitions in the ground
state of “"Hg* were observed by optical pumping
of hfs sublevel populations with the 1942-A line
from a ?°*Hg lamp, and detecting the microwave
transitions by the change in the intensity of the
resonance fluorescence. This is based on the
observation that, because of the isotopic shift in
the ground state of the ion, there is a fortuitous
matching of wavelengths between the 2°?Hg 1I and
99Hg 1I spectra. In Fig. 1(a) are depicted the
relevant energy levels taken from the work of
Mrozowski® on the spectroscopic analysis of the
quadrupole 2S,/,-D,/, line at 2815 A and the 2D,/,-
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FIG. 1. (a) Hyperfine structure and isotope shifts in
199111 and “?Hg11. (b) Hyperfine optical pumping of
191g* jons using the 1942-A line in the *®Hg 11 spec-
trum.,

2p,/, line at 3984 A in Hg II. A more recent
study of the same quadrupole line by Loebich and
Steudel” gives the value 1351 mK (40.5 GHz) for
the 2S,/, hfs interval,

Recognizing that the isotopic shift is negligibly
small for the P states, and estimating the hfs in-
terval for the ?P,/, state from the 2P,,, value us-
ing the Goudsmit formula, it becomes obvious
that the resonance 25 ,/,-2P,/, line at 1942 A in
20?Hg T comes within 22 and 100 mK of connect-
ing the F’'=1 and F’=0 hyperfine sublevels of the
p,;, state with the F =1 sublevel of the ground
state.? Because the motion of the absorbing ions
causes a Doppler broadening of nearly 250 mK,
there is a complete overlap of the spectral pro-
file of the 1942-A line from **’Hg 1T and the 25,
(F=1)~2p,, (F’'=1) component in **Hg II, while
the 2S,/, (F=0) -2pP,/, (F’=1) transition is not ex-
cited, leading to the optical pumping scheme il-
lustrated in Fig. 1(b). The time development of
the population difference A between the m ;=0
substates is easily computed to be

da/dt=%a(n - A) - a, A,

where «, the quantum absorption probability per
unit time, is given with sufficient accuracy by®

a =T1r,cfJdy/Awy, with J; the quantum flux density
in the 1942-A line and ¥, the classical radius of
the electron; and «, ! is the relaxation time, de-
termined predominantly by charge exchange with
background neutral Hg vapor, and spin exchange
with the ionizing electron beam. The operating
parameters were chosen to correspond to a, =10
sec”!. The fluorescence “signal,” which will be
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FIG. 2. Apparatus for optically observing hfs micro-
wave transitions in *°Hg? jons confined in an rf quadru-
pole electric field.

defined as the change in the intensity of the fluo-
rescence caused by the microwave saturation of

the hfs 0-0 transition in the ground state, is giv-
en by

Si=12S,(a, T, +1) " Npa, 7, + N(Fa,7,+1) 7

where 7,”'= 2w, and S, is the intensity of fluo-

rescence for uniform sublevel population.

The experimental arrangement is illustrated
in Fig. 2. The stainless-steel quadrupole elec-
trodes were precisely machined with the proper
hyperbolic geometry with 7,=1.13 cm. The elec-
tron gun, using a Philips impregnated type “A”
cathode, was mounted coaxially with the quadru-
pole. The quadrupole rf trap was operated with
the following choice of parameters: /27m=524
kHz, U,=12V, V=248 V.. To the extent
that the adiabatic approximation' is useful, this
corresponds to an effective potential well of depth
16 V with characteristic mean oscillation fre-
quencies of 57 and 80 kHz for the radial and ax-
ial coordinates, respectively.

The 2**Hg II pumping source was a 1,5-cm-diam
electrodeless quartz lamp excited with an input
power of 20 W at 90 MHz. The brightness of
these lamps at 1942 A has been estimated at 2
x10™ quanta em ™ sec™! sr™!, The highest emis-
sion was obtained from lamps sealed off under
high vacuum without any carrier gas; however,
degradation in output at 1942 A was noted in time.
The optical fluorescence detection system con-
sisted of fast (f/1.5) quartz optics, including a
50-mm-diam interference filter (25% transmis-

sion peaked at 1942 A), projecting an image of
the center of the quadrupole onto the 25-mm-
diam cathode of a solar-blind end-on photomulti-
plier tube (EMR 541F). The circumstance that
the resonance radiation is in the uv region, mak-
ing possible the use of a solar-blind Cs-Te-—
cathode photomultiplier tube and an interference
filter blocked in the visible, circumvents what
would otherwise be amost difficult experimental
problem, namely, the high background radiation
from a cathode at 1000°C.

Since the hfs transition frequency was known
from the optical spectroscopic data only to within
perhaps 0.2%, flexibility and reserve power in the
microwave system was essential. It consisted of
a klystron phase locked effectively to the 1350th
harmonic of a (nominal) 30-MHz signal from a
50-MHz frequency synthesizer, which could be
referenced to an HP5060 cesium frequency stan-
dard. The output of the klystron, after appropri-
ate isolation, power and frequency metering, and
attenuation, feeds a high-gain horn directed at a
12-mm hole in the quadrupole cylinder, thereby
irradiating the confined ions.

The experimental procedure sought firstly to
establish that the contribution from the ions to
the scattered light reaching the photomultiplier
was large enough to be detected above the back-
ground (amounting to =3 X 10° quanta sec™?), and
to optimize this signal using a Hg™° lamp. Modu-
lation of the ion population was accomplished by
alternating an ion-producing electron pulse with
an ion-clearing voltage pulse applied to the quad-
rupole. Using standard quantum counting equip-
ment the signal-to-noise ratio obtained was about
10:1 for effective counting times of 100 sec. Al-
though a number of questions of a photometric
nature have yet to be examined in detail, it can
be said that the above results are best fitted by
an ion number of 105,

The microwave spectrum was observed simply
by sweeping the synthesizer frequency with a pre-
cise voltage ramp derived from the time base of
a digital signal averager. The fluorescence de-
tector was operated in the analog mode with a 3-
Hz bandwidth, The first broad (150 kHz) field-
dependent resonance was observed with about
— 15 dB above 1 mW of microwave power into the
horn. It was recognized that the spectral purity
of the 30 MHz from the synthesizer was margin-
ally capable of permitting the observation of the
very sharp 0-0 transition because of the high or-
der of multiplication required; however, by fine-
ly adjusting the power input to the microwave
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FIG. 3. Intensity of resonance fluorescence from
199Hg* jons as the frequency of microwave field is swept
through resonance with the AF=%1, Mg’ =0—~Mp=0
transition.

horn, the 0-0 resonance signal shown in Fig. 3
was obtained, after averaging over 200 sweeps.
The line center occurs at a reference frequency
of 30035 727.35 Hz, which, with a measured i.f.
of 40833 710 Hz, yields for the transition fre-
quency, extrapolated to zero magnetic field, a
value of 40507348 050+ 50 Hz, The error bounds
have been purposely set much wider than the ac-
tual 5-Hz statistical standard deviation obtained
in the field-dependence data, since it was not
our intent to enter here upon questions of abso-
lute accuracy.

In conclusion it may be said that while the de-
gree of spectral resolution has been amply dem-
onstrated, a great deal remains to be done in im-
proving the signal/noise ratio. This problem,
which stems from the severely limited number
of ions which can be confined, may find an effec-
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tive solution in the formation and confinement of
neutral heavy-ion plasmas.!' Exploration of this
possibility is currently proceeding.

We thank W, M. Hughes for early assistance in
the development of a pumping source, A, Temkin
for useful discussions on collision processes in-
volving the ions, and G. Ressler for numerical
computations on line shape.
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