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Laser-Fluorescence Ion-Beam Magnetic Resonance: Xe+ Hyperfine Structure
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A new ion-beam magnetic resonance method using laser-induced fluorescence for both
state selection and signal detection has been demonstrated for the first time. The hyper-
fine intervals of the Gd D&y2 level of ' Xe+ and ' 'Xe+ have been measured to better than
1 ppm accuracy.

Most of our knowledge of the structure of atom-
ic and molecular ions has come from the optical
spectra of discharge light sources; only in the
last decade has there been significant progress
in the application of rf spectroscopy techniques
to ions. High-resolution magnetic resonance ex-
periments have been carried out on ions in a cell,
and in electromagnetic ion traps. ' One technique
that has not been generally applied to ions is the
atomic-beam magnetic resonance (ABMR) meth-
od'; the reason is simply that large inhomogene-
ous magnetic fields are required for state selec-
tion. A notable exception was the pioneering mea-
surement of the hfs of the 2'S,&, state in 'He' by
Novick and Commins using a highly specialized
method applicable to hydrogenic systems. '

The introduction of optical pumping as a re-
placement for the magnetic field state selector '
removes the fundamental difficulty in extending
the ABMR technique to ion beams. In this Letter
we report an rf magnetic resonance measurement
of the hfs of the 5d 'D,I, metastable level of "'Xe'
and "'Xe+ using laser-optically-pumped beams
of mass-separated isotopes. This follows an ear-
lier measurement' by laser optical spectroscopy
on a Xe' beam. The present work, which im-
proves the precision by a factor greater than 10',
represents the first demonstration of laser-fluo-
rescence ion-beam magnetic resonance.

A schematic diagram of the apparatus is shown
in Fig. 1. The 5-keV mass-selected ion beam is
produced by a Colutron, ' which contains a hot-
filament low-pressure dc arc source, a focusing
lens, and a Wien-type mass filter. The space-
charge-limited beam current density of ~ 140 nA/
cm' has an estimated metastable 5d D», content

of roughly 0.1@. The ions intersect a single-
mode cw dye-laser beam (region A), pass through
an rf magnetic field (region C), and intersect the
same laser beam again (region B). The laser-
induced fluorescence at region B is detected by
a cooled photomultiplier.

Figure 2 shows the hfs of the relevant levels of
Xe' as derived from our earlier work. ' Since
the Doppler absorption width of the beam is about
120 MHz (mainly due to the angular divergence of
the ion beam), the laser can be tuned to excite a
single hyperfine component, c for example. The
excited ions decay primarily to the 6s'P„, level
(not shown) with the emission of fluorescence at
529.2 nm. The beam thus leaves region A with
all the I' =4 Zeeman sublevels almost entirely
depopulated except for M ~ =+4. (We take the z
axis along the linear polarization of the light. ) If
no resonant rf magnetic field is present in region
C the populations remain unchanged, and the flu-
orescence at B is a small fraction of what it would
be in an unpumped beam. When a field H, cos(cot)
e, is tuned to the hyperfine transition frequency,
ions are driven from I" = 3 to E = 4 and the fluo-
rescence at B increases.

The fieM Hy is produced in a 50-0 coaxial trans-
mission line (see Fig. 1). This configuration was
chosen to make the rf fieM very uniform over the
52.6-cm-long C region, and to minimize the mi-
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FIG. 1. Schematic diagram of the apparatus {not to
scale}; the z axis is normal to the plane of the drawing.
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FIG. 2. Hyperfine structure in Xe+.
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crowave power required. The rf frequency was
counted, with a Sulzer-5D frequency standard as
the reference. The ambient static magnetic field
could be canceled to+ 3 mG by three sets of Helm-
holtz coils. The laser source has been described
in Ref. 6. In this experiment one feedback loop
was used to lock the laser frequency to an exter-
nal temperature-stabilized Fabry-Perot etalon.
The laser's intracavity mode-selecting etalon
was then locked to the stabilized cavity mode with
a second loop. Laser power at the A and B inter-
sections was ~40 mW in a 2-mm-diam spot. Typ-
ical fluorescence signals of 50 nA were obtained
at a photomultiplier gain of ~8x 10', with an 18%
quantum efficiency and a solid-angle efficiency
factor for light collection of ~0.2.

The experimental procedure was as follows.
With the laser beam blocked from reaching re-
gion A, the laser frequency was scanned over the
605.1-nm line as in Ref. 6. From the fluores-
cence pattern the mass separator could be sensi-
tively adjusted to maximize the content of the de-
sired isotope in the ion beam. Next, the laser
was tuned to the correct hyperfine component
and locked to the reference Fabry-Perot. The
laser beam was allowed to intersect the ions at
A and the consequent decrease in the fluores-
cence at B was maximized by varying the angle
of intersection at A so that the Doppler shift was
the same at both A and B.

Preliminary observations were made by scan-
ning the rf frequency over the hyperfine reso-
nance. A typical single scan at zero static field
and an rf power of ~0.8 W (approximately 20%
of optimum) is shown in Fig. 3. The 150-kHz
linewidth is due to the transit time of the ions in

region C. The subsidiary maxima, ' usually un-
observable, are clearly evident as a result of the
narrow ion velocity distribution. The line center
was then determined by repeatedly setting the rf
frequency to the half-amplitude points of the line
profile, and the results are summarized in Table
I. The observed frequencies must be corrected
for the Doppler shift caused by the ion's velocity.
The small errors in these corrections arise from
uncertainties in the measurement of the acceler-
ating voltage and plasma effects in the ion source.
In a higher-precision experiment these Doppler
corrections could be eliminated by taking data
with the rf propagation direction reversed, and
then averaging. The corrected frequencies in
the last column of Table I were used to evaluate
the hyperfine coupling constants for the 5d D„,
level in the two isotopes using the formulas of
Schwartz. ' The constants A, B, and C presented
in Table II have not been corrected for perturba-
tions' from the 5d'D, &, level 41 cm ' away. The
need to include an octupole term is demonstrated
by the large g' obtained when C is set to zero.

This experimental method suffers from remark-
ably few systematic errors. For a slightly diver-
gent ion beam, resonance line-shape asymmetry
can arise with the simple crossing geometry used
here because the optical Doppler shifts at A and
B vary oppositely with drifts of the laser fre-
quency or intersection angle. Ions which are not
pumped at A can then contribute to the fluores-
cence at B, producing a spurious signa1. Al-
though this effect was averaged out in the present
experiment, it could be eliminated by a fairly
simple modification of the crossing geometry.

The possibility exists that the residual static
field in region C could have distorted the line
shape if the +M~ components were not of equal
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FIG. 3. X-F recording of fluorescence at region Ejl

vs rf frequency. Vertical scale, arbitrary; frequency
scale, approximate. Laser is tuned to optical transi-
tion c; rf is sc~»ed over I' = 3 —I = 4 hfs transition.
Time constant = 0.4 sec. Static magnetic field is
0+3 mG.
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FIG. 4. Same as Fig. 3 with static field 859 e, mQ
along e~; the vertical scale is expanded by ~. The
seven components are Mz = —3 to 3.
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TABLE I. hfs transition-frequency measurements in the 5d Dvg2 level of Xe+. Errors
are + 2a.

Isotope Transition
~measured

(kHz)
Doppler shift

(kHz)
~ cor recd

(kHz)

131Xe+

13i~e+
131.xe+
129ge+
129X +

3 4
3

3 4
3, 0 4, 0

796 357,0+ 1.2
576 109.5+ 1.0
396 591.2+ 1.2

2011722.8+ 1.6
2011723.0+ 2.1

227.9+ 0.2
164.9+ 0.1
113.5+ 0.1
580.3+ 0.5
580.3 + 0.5

796 584.9+ 1.2
576 274.4+ 1.0
396 704.7+ 1.2

2012 303.1+ 1.7
2012 303.3 + 2.2

Denoted byE —E+ 1 for zero-field measurements andE, Mz —E + 1,Mz for the 859-
mo measurement.

intensity. This was ruled out by splitting the line
with a magnetic field of 859 mG in the z direction
and showing that the center frequency of the M~
= 0 component was in excellent agreement with
that of the zero-field line (see the last two rows
of Table I and Fig. 4).

A significant narrowing of linewidth could be
obtained by the use of the Ramsey separated os-
cillatory field technique'; however, for species
that are long lived compared to the C-region time
of flight (about 6 ps here), ions confined in cell
buffer gases and especially in traps would still
give narrower resonance lines. With the use of
fast beams, the present technique should be well
suited to the study of short-lived states and radio-
active species. Signal-to-noise ratios can be
very good, as in Figs. 3 and 4, which were ob-
tained in a single sweep with no other processing
than 0.4-s time constant. In a comparison of a
similar measurement in a. beam and in a, trap, "
the trap gave narrower lines but a poorer signal-
to-noise ratio. The case of Xe' is not the most
favorable because of the low metastable content
of the beam; on the other hand, the line strength
of the optical pumping transition is large, and
the technique is quite sensitive to this. It should
be pointed out that optical resolution of the hyper-
fine or Zeeman splittings is by no means an es-
sential part of this method; the M~ dependence of

the optical absorption produces the necessary
alignment in the general case. '

A very important feature of the method is that
in region C the ions are entirely free of the per-
turbing effects of the intense pumping light, col-
lisions, a,nd strong rf or static electromagnetic
fields, so that most systematic frequency shifts
encountered in cell and trap experiments are
eliminated. The absence of collisions also makes
it possible to study highly reactive species.

One of the attractions of the technique is its
simplicity and flexibility: A completely identified
beam of ions (or fast neutrals produced by charge
exchange) can be studied in a specific state both
optically and with rf to give signals of high qual-
ity. These features should be especially valuable
in the study of molecular ions.
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TABLE II. Effective hfs constants of the 5d D&~2 level of Xe'. Errors are + 20.

Isotope
A

(kHz)
C

(kHz) X DF
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13ixe+
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149 156.40
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—503 075.80 + 0.35

71 107.0
71 110.1+ 1.1

0
2.452 + 0.059

7200

Degrees of freedom.
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El-Ml Interference in Radiative Decay of Hydrogenlike Atoms in an Electric Field
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An unpolarized hydrogenlike atom in the metastable 28,g2 state in an electric field de-
cays primarily by one- or two-photon emission. The angular distribution of the single-
photon radiation is expected to be asymmetric with respect to the electric field direction
as a result of El-M1 interference. Observable consequences of this effect in high-Z
Lamb-shift experiments in progress are pointed out. A lowest-order estimate is given
for the dependence of the asymmetry on the nuclear charge and the applied field strength.

Radiative decay of the 2S,~, state in a static
electric field has been studied in recent years as
a means of determining the Lamb shift in hydro-
gen and hydrogenlike atoms. Both the lifetime of
the excited state and the angular distribution of
the emitted radiation, relative to the electric
field direction, have been measured in order to
infer values for the 2P ] 2S&( energy splitting. ' '

It is known that the angular distribution of elec-
tric-f ield-induced radiation from unpolarized
hydrogenlike atoms is not isotropic, mainly be-
cause of the interference term between photon
emission from the 2P&y2 2nd 2I'3/2 states, which
are mixed with the 28,~, state by the electric
field. The anisotropy is characterized by a sym-
metric angular distribution of radiation of the
form a+b~k EI', where E is the electric field
vector and k is the direction of observation of the
radiation. In high-Z hydrogenlike atoms, one
may expect an additional asymmetric contribu-
tion (proportional to k ~ E) to the angular distribu-
tion, which arises from interference between
electric-field-induced electric dipole radiation
and forbidden magnetic dipole radiation. For
suitable combinations of nuclear charge and elec-
tric field strength, the ratio of the probability of
photon emission in the direction of the electric
field to the probability of emission in the oppo-
site direction is less than 75%.

The purpose of this Letter is to point out the
relevance of the asymmetry to high-Z Lamb-shift
experiments now in progress, Bnd give a lowest-
order estimate of its magnitude. The asymmetry

can be expected to play a role in the analysis of
experiments based on measurement of the anisot-
ropy of electric-field-induced radiation from the
2$,&, state. ' In these experiments, the relative
intensity of radiation in the directions parallel
and perpendicular to the field direction is mea-
sured, and a value for the Lamb shift is inferred
from the ratio. The asymmetric term gives field-
strength-dependent contributions of opposite sign
to the intensity in the directions parallel and anti-
parallel to the electric field. The asymmetry
shou1d also be taken into account in experiments
based on measurement of the lifetime of the 2Szy2
state in an electric field by the time-of-flight
method. ' Here, because of magnetic field bend-
ing of the metastable atomic beam, single-pho-
ton decays are viewed at a varying angle with re-
spect to the electric field direction, and the ob-
served intensity is affected by the asymmetric
as well as the symmetric contributions to the an-
gular distribution. Under the conditions of either
of these experiments, the asymmetry is a mea-
surable eff ect.

One can readily verify that an asymmetric term
in the transition rate is consistent with time-re-
versal invariance, even though 0 changes sign un-
der time reversal. An analogous situation arises,
for example, in P decay where final-state Cou-
lomb interactions give rise to terms which are
proportional to combinations of polarization and
momentum vectors, associated with the intitial
and final states, which are odd under time rever-
sal while the interaction is assumed to be time-
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