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Production of Atomic Alkali-Metal Beams in Single Hyperfine Sublevels
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A compact source which produces atomic alkali-metal beams in individual hyperfine
sublevels has been developed. The methods are demonstrated with 2’Na atoms. Initially
nearly all atoms are transferred into one hyperfine sublevel (| F, mp)=12,2)) by a
double-resonance technique using laser optical pumping and rf transitions. Subsequently
the other hyperfine sublevels can be populated selectively by an adiabatic high-frequency
transition. The hyperfine sublevel populations are determined by laser-induced fluo-

rescence spectroscopy in a magnetic field.

PACS numbers: 29.25.-t, 32.80.Bx, 35.80.+s

Producing a beam of alkali-metal atoms in a
single hyperfine sublevel® is not only intrinsical-
ly interesting, but also a valuable technique
applicable in different areas of atomic and nu-
clear physics. The study of nuclear-spin relaxa-
tion of alkali-metal atoms on metal surfaces?
and the investigation of atomic collision proc-
esses?® will benefit from this tool. Since alkali-
metal atoms can be ionized efficiently on hot
metal surfaces without destroying the nuclear
polarization,* one can (in a strong magnetic field)
produce ion beams in a single m state of the
nuclear spin, Even though they have not been
used up to now such beams might be successfully
employed in the study of polarization phenomena
in beam-foil excitation. Of great current im-
portance is the use of accelerated, highly po-
larized Li and Na beams in the investigation of
heavy -ion interactions.®

Experience in the application of polarized Li
ions in nuclear reaction studies performed with
the polarized alkali-metal ion source in Heidel-
berg®* stimulated efforts to increase the polariza-
tion of the beam. Such an improvement is par-
ticularly important for ?*Na, since for these ions
partial depolarization during the acceleration
process* has to be faced. A great advantage of
polarization experiments is the possibility of ex-
tracting observables from relative measure-
ments which compare cross sections for particle
beams in different polarization states. In gen-
eral beams with maximum polarization of each
possible rank & <2/ are necessary.® This re-
quirement is easily met provided one is able to
produce beams in all the different magnetic sub-
states of the nuclear spin, one at a time. From
the measurements performed with beams in
these states one can then extract all polarization
observables.

At first glance, optical pumping would seem to

be a straightforward method for producing
beams of alkali-metal atoms in a single hyper-
fine sublevel,” since these atoms can be excited
easily by a tunable single-mode dye laser, In
successive excitation cycles circularly polarized
radiation transfers several quanta of angular
momentum to the atoms which finally should all
end up in the hyperfine sublevel with maximum
m value., However, two major tasks must be
solved experimentally before beams in a single
selected hyperfine sublevel can be produced.

(i) In general the mode structure of a dye laser
does not permit the simultaneous excitation of
both hyperfine levels (F=1 and 2) of the ground
state. For #Na, which has been chosen for
demonstration, the splitting of these levels is
1772 MHz, If an appreciable reduction of the
atomic beam flux can be tolerated these diffi-
culties may be solved by deflecting the atoms in
the hyperfine level F =1 by a Stern-Gerlach mag-
net.® To avoid this drawback a double-resonance
technique using, simultaneously, radiofrequency
transitions and laser optical pumping was ap-
plied in order to transfer nearly all atoms into
the ground-state hyperfine sublevel |F, my)
=12,2).

(ii) The other hyperfine sublevels can be popu-
lated selectively by an adiabatic high-frequency
transition® operated in a magnetic field of inter-
mediate strength. Installed following the double-
resonance section this device can transfer atoms
in the hyperfine sublevel | F, m ) =2, 2) into
any other one of the F=2 multiplet.

The experimental setup is sketched in Fig. 1.
A #Na atomic beam effusing from an oven is
collimated and excited within an rf resonator by
circularly polarized D, radiation of a single-
mode dye laser. Transitions between adjacent
hyperfine sublevels can be induced by a subse-
quent high-frequency transition. A detailed in-
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FIG. 1. Apparatus for the production of atomic alka-
li-metal beams in single hyperfine sublevels. The
main components are a laser-rf double-resonance sec-
tion and a hf transition operated in a magnetic field of
medium strength. The hyperfine sublevel populations
are detected by laser-induced fluorescence spectrosco-
py in a magnetic field. The vacuum system has a length
of approximately 1 m.

vestigation of the various components of the
source requires the technique to measure the
population of the hyperfine sublevels. For this
purpose the method of laser-induced fluores-
cence spectroscopy in a magnetic field was ap-
plied.’® The atomic beam is excited at normal
incidence by linearly polarized D, light in a mag-
netic field of 50 mT parallel to the laser beam
(Fig. 1). From the fluorescence signals record-
ed as a function of the laser frequency one can
directly obtain the occupation numbers of the
hyperfine sublevels since the ratios of the exci-
tation probabilities can be deduced by means of
angular momentum algebra. A spectrum of an
unpolarized beam (Fig. 2, upper part) consists
of a variety of lines. The most prominent ones
are labeled by a number indicating the hyperfine
sublevel out of which the atom was excited. The
levels are numbered according to their energy
in a magnetic field by |2,2) =1,” [2,1) =“2,”
..., 11,1)=“8,” From these measurements
the relative occupation numbers were determined
with an uncertainty of less than 0.01.

The effect of optical pumping with right-circu-
larly-polarized light of a single-mode dye laser
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FIG. 2. Fluorescence of a 2®Na atomic beam in a
magnetic field as a function of the laser frequency.
Upper part: unpolarized beam; center part: beam
optically pumped with circular D, light of a laser
(transition F =2—F’ =2, Amy = +1); lower part: beam
pumped by a laser-rf double-resonance technique.

alone is exhibited in the center part of Fig. 2.
The laser power was about 180 mW/cm?, The

D, transition F =2—~F'=2 was chosen for the
pumping process. As expected from calculations
of rate equations (Table I, theory) the beam final-
ly consists of atoms in level 1 and those with F
=1, levels 6,7,8 (Table I). The residual inten-
sity corresponding to level 2 suggests imperfect
circular polarization of the incident light.

One new idea of the present experiment was to
induce high-frequency transitions with Am, =0
between the hyperfine levels F=1 and F =2 simul-
taneously with the optical pumping. As the hyper-
fine sublevel 1 is not affected by this process all
atoms should finally end up in this level. The rf
power applied to the A/2 cavity was about 35 W
at 1772 MHz corresponding to a field strength of
the order of milliteslas while the external static
magnetic field was kept about 50 uT. It turned
out that the resonance frequency of the rf transi-
tion becomes less critical because the optical
pumping leads to an appreciable broadening of
the hyperfine sublevels with F =2, On the other
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TABLE I. Occupation probabilities of the hyperfine osl- ! i ' ]
sublevels of a »’Na atomic beam prepared in different L ® ]
ways. The experimental values were extracted from : 1
Fig. 2 (center and lower parts). " OO‘ .
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hand the rf power necessary to induce the transi-
tions increases as well. First results of such an
experiment are exhibited in the lower part of Fig.
1 from which the occupation numbers of Table I
were extracted. The measurements show that
78% of the atoms end up in hyperfine sublevel 1.
In the future the optimum interplay of optical and
high-frequency transitions has to be investigated
in more detail. This will certainly improve the
results furthermore,

The double-resonance region is followed by a
“medium field transition” (0.15<X =g ;uB/hAv
=< 0.20), which was developed on the basis of an
adiabatic weak-field transition, a device common-
ly used in polarized ion sources.*® It works in
a static magnetic field B, with a gradient B’=dB/
dx parallel to the direction of the atomic beam.
Transitions between m; and —-m, are then in-
duced by high-frequency radiation (5-10 MHz)
in the Zeeman regime where the hyperfine sub-
levels of a multiplet are equidistant. At higher
magnetic field strength the spacings of adjacent
levels become unequal. Thus for a fixed fre-
quency the various transitions are induced in
different magnetic fields. For 2°Na they differ
by more than 0.5 mT at 60 MHz, where the
measurements presented here were done. In a
magnetic field B, with a negative gradient B’
one first induces the transition between levels 1
and 2, then between 2 and 3, 3 and 4, and at
last 4 and 5. As the different transitions are
spatially separated one can interrupt the process
by a proper choice of the length of the transition
and the magnetic field.

In the experiment the negative gradient B’ and

Magnetic Field [mT]

FIG. 3. Occupation probabilities of levels 1 to 5 be-
hind the “medium field transition” section as a function
of the magnetic field B in the center of the transition
region.

the high frequency were kept fixed at 0.8 mT/cm
and 60 MHz, respectively. In order to start with
an atomic beam of particles nearly all in sub-
level 1 the beam was polarized in this case by
optical pumping in front of a sextupole magnet.®
The results are illustrated in Fig. 3, exhibiting
the occupation probabilities of the hyperfine sub-
levels 1 to 5 behind the transition section as a
function of the magnetic field B, in the center of
the magnet. At high fields (B,>12 mT) no transi-
tions occur at all. The particles remain in sub-
level 1, With decreasing field strength they first
undergo only the transition from level 1 to 2. At
still lower fields (B,~10.7 mT) the transition 2
to 3 is induced additionally, and so on. In the
lowest fields displayed in Fig. 3 the atoms have
been transferred from level 1 to level 5.

Each of the levels is populated to more than
90% at the corresponding optimum magnetic field.
These measurements indicate that an adiabatic
high-frequency transition operated in a magnetic
field of medium strength works nearly perfectly.
It allows the exchange of populations of neighbor-
ing hyperfine sublevels almost completely. Thus
it is an excellent tool to populate each of the
hyperfine sublevels if one starts with an atomic
beam in the sublevel 1.

Obviously these methods can be applied to
atomic alkali-metal beams other than 2°Na as
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well., They allow the construction of compact
devices which might even be mounted in termi-
nals of high-voltage accelerators since space
and power consumption are low and the laser
system can be installed on ground potential.

This research was supported by the Bundes-
ministerium fur Forschung und Technologie,
Bonn,

!The term “hyperfine sublevel” is used for one level
with specific magnetic quantum number my out of the
hyperfine multiplet F.
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