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SENSITIVE DETECTION OF MULTIPLE THRESHOLDS
FOR ELECTRIC FIELD IONIZATION OF SODIUM RYDBERG STATES
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Résumé. — On présente, dans cette Lettre, une nouvelle méthode permettant d’étudier 'ionisation
par un champ électrique statique d’atomes dans des états hautement excités (états de Rydberg).
Cette méthode est particulierement bien adaptée au cas ou un niveau atomique donné présente plu-
sieurs seuils d’ionisation. Une expérience effectuée sur I’état 20d du sodium illustre les avantages de

cette méthode.

Abstract. — This paper presents a new method for studying the ionization of highly excited atomic
Rydberg states by a static electric field. This method is especially well adapted when several ioniza-
tion thresholds appear for a given atomic level. The advantages of the method are illustrated on the

20d state of Na.

1. Introduction. — The development of dye lasers
tunable over a wide frequency range, allows the selec-
tive excitation of highly excited levels in atoms [1-4].
The most efficient method to detect atoms in such
highly excited levels is based on field ionization [5].
Moreover, field ionization is not only a suitable
detection technique but also a very interesting physical
phenomenon in itself [6]. The ionization threshold
for a- given state is expected to be sharply defined
because the field ionization rate must vary very rapidly
with the ionizing field value. This has been effectively
observed by Ducas et al. [7] for the ns levels of Na.
However, on the contrary they have observed wider
thresholds for the nd levels and suggested that this
effect was due to the presence of several adjoining
thresholds because of various |m; | states in a d
level. Gallagher et al. [8, 9] have generally observed
two and three thresholds for, respectively, np and nd
levels in sodium. More surprisingly, they also observed
several thresholds for some non-degenerate levels
(nd, |m;, | =2 for n > 18) and attributed these
multiple thresholds to partly diabatic passage from
zero electric field to high ionizing field, due to the
too fast rise time of the electric field. The method
described in this paper is especially designed to study
multiple ionization thresholds.

2. Principle of the experiment. — The sodium atoms
of an atomic beam are stepwise excited by a C. W.
laser and a pulsed dye laser ; thus, a ns or nd Rydberg

level can be selectively populated via the 3p level.
By use of suitable polarized lights it is possible to put
atoms in these highly excited states, all with the same
given value for |m; . One microsecond after the
dptical excitation, a pulsed high electric field is
established over the interaction region so that the
atoms in the Rydberg state are field ionized. The
ions are sent onto an electron multiplier and counted.
The classical method to study critical ionization
fields is to use a pulsed electric field with a fast rise
time and a nearly flat top and to measure the number
of ions produced versus the maximum value of the
electric field. The result is a curve presenting several
plateaus; each increase of the signal between two
adjacent plateau corresponds to a threshold field
value. But if one applies in the interaction region a
pulsed electric field whose time dependence is shown
in figure 1 and if the counting system counts the ions
only when the gate, also shown in figure 1, is opened,
then the ion signal is quite different. As long as the
critical field F, of the studied state is lower than F,
(case a, Fig. 1) the pulses given by the multiplier are
received by the counter before the gate is opened and
therefore they are not counted. If the critical field F,
is greater than F, + AF, field ionization does not
occur. Only in case b of figure 1 (F, < F, < F, + AF)
are the pulses of the multiplier received when the
gate is opened and they are counted. AF is taken to be

<A—F: 2 x 10‘2) and

very small compared to F, 7
V]
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F1G. 1. — Timing of the pulsed electric field and of the counting
system. The delay D corresponds to the transit time of the ions from
the interaction region to the detector.

it has a fixed value while F|, is varied. The number of
ions counted versus ionizing field value F,, with this
field shape is represented by a curve having a series
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threshold. One can easily understand that this curve,
if AF is sufficiently small, is approximately the deri-
vative of the curve obtained by the classical technique.

3. Experimental set-up. — By using suitably pola-
rized exciting lights, it is possible to get highly excited
atoms with a selected | m, | value, m; being the pro-
jection, on the pulsed electric field direction, of the
electron’s orbital angular momentum L. This is
shown in figure 2.

The first step excitation is always carried out with
a o* polarized light (frequency v,), with respect to
the direction of F, allowing us to reach, by Zeeman
optical pumping, an intermediate state for which
m;, = + 1 is a good quantum number. On the other
hand the light inducing the second step excitation
(frequency v,) is set onto the atomic beam and it can
be polarized in three different ways : ¢* (Fig. 2a),
n (Fig. 2b) or ¢~ (Fig. 2¢) which lead respectively to
m; = + 2, + 1 or 0 in the highly excited state.

The ionized atoms are accelerated by the electric
field F and therefore the ion beam is very close and
parallel to one light beam at least. Therefore the ion
beam must be deflected by another electric field F’
in order to be sent onto the electron multiplier without
screening the light beam. The interaction region of the
atomic beam of sodium with the two dye lasers
corresponding to the a and ¢ cases of figure 2 (final
states m;, = + 2 or 0) is shown in figure 3. The two
laser beams are colinear, propagating in opposite
directions and perpendicularly to the atomic beam
direction. (To get the optical excitation shown in
figure 2b the second laser beam (v,) is sent to the
atomic beam perpendicularly to the plane of the
figure and linearly polarized parallel to F.)

The first laser, a C. W. single mode commercial dye
laser, induces the transition 3 %S, ,, F = 2 —» 3 ?P; ,,
F’ = 3. The laser light is ¢* circularly polarized by a
quarter wave plate L,. The fluorescence signal of the

of peaks : each peak corresponds to an ionization atomic beam is used to lock the frequency v, of the
V2
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FIG. 2. — Schema of the three different possible arrangements for the two step optical excitation (light polarizations and beam directions)
allowing the population of highly excited states with a selected m,, value. Casea : m;, = + 2;Caseb :m;, = + 1; Casec :my, = 0.
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FI1G. 3. — Schematic view of the interaction region with the

trajectory of the ions (—*—*—+— ). Right bottom : time depen-

dence of the electric potentials of field plates P, and P,. Notice

that F (proportional to ¥, — V) has the time dependence indi-
cated in figure 1.

laser light on the atomic transition frequency. The
population of the F = 2 sublevel of the ground state
is initially equally distributed between all its Zeeman
sublevels. By Zeeman optical pumping it is possible,
after a very short interaction time, to get all these
atoms only in the F = 2, my = 2 Zeeman sublevel
and then only the sublevel F' = 3, my = 3 of *P,,
can. be reached. For this particular sublevel m,
is a good quantum number and remains equal to + 1.

The second laser is a pulsed tunable dye laser
pumped by the red line (A = 659 nm) of a frequency
doubled NdYAG laser. The infrared tunable radia-
tion of this dye laser is converted, by frequency
doubling, into violet light, which interacts with the
atomic beam. The scanning range for the frequency v,
of this second laser light allows us to populate the
Rydberg ns and nd levels from n = 10 up to the
continuum. The pulsed dye laser light is focused on
the atomic beam into a spot entirely located inside
the C. W. laser beam, so that each atom which interacts
with the pulsed laser is prepared in the F’' =3,
my. = 3 sublevel. By use of a quarter wave plate L,
the pulsed laser light is ¢ * or ¢~ polarized correspond-
ing respectively to cases a or ¢ of figure 2.

The interaction region (Fig. 3) is located between
two electric field plates (P, and P,). The pulsed elec-
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tric field F is applied, after laser excitation, between
these two plates. Plate P, has a grid in its centre,
allowing the passage of the laser beams and plate P,
is one side of an equipotential prism obtained by
winding a metallic wire on three parallel threaded
rods. These two plates are electrically insulated from
the ground, and electric potentials V; and V, can be
applied to generate the ionizing field F. The ions
created and accelerated by the electric field F are
repelled and deflected by a second electric field F’
and they are sent onto the electron multiplier. This
arrangement works like a totally reflecting prism.
With this geometry the ionizing electric field is
parallel to the direction of the laser beams as required.

The electric field shape shown in figure 1 is generated
in the following way : 1 us after the laser pulse, a
step-shaped high electric voltage V, is applied to
plate P,, and, with a larger delay (2 or 3 pus), a small
step-shaped electric voltage V, is applied to plate P,.
A permanent d.c. voltage can be also added to the
voltage of plate P, (see Fig. 3) the usefulness of which
will be explained later.

4. Results and conclusions. — Results on the 20d
level are presented in figure 4. Starting fromm; = + 1
for the intermediate state, ¢* of ¢~ polarization for
the second step excitation leads respectively to the
m; = + 2 or m; = 0 sublevel. Therefore, it is possi-
ble to study separately ionization thresholds for the
20d | m; | = 2 and 20d | m; | = O sublevels provided
that the highly excited atoms keep the m; value
unchanged from the optical excitation time, till the
electric field is switched on. For this reason, a per-
manent d.c. voltage is added to the voltage of the
plate P,, creating a weak permanent d.c. field in the
same direction as the pulsed electric field. The per-
manent field strength is such that the Stark effect is
stronger than spin-orbit interaction and therefore
| my, | is a good quantum number for the highly excited
atoms and remains constant. On the other hand the
permanent field is kept sufficiently weak so that only
the d level is appreciably populated.

The results presented in figure 4 are obtained with
a d.c. field magnitude of 3.3. V/cm. Curves A are
obtained by the classical method and by counting all
produced ions, curves B are obtained by the method
described above. Corresponding thresholds in cases
A and B are identically numbered.

The advantage of the present method appears
clearly on the curves shown. For a level with several
thresholds the higher ones are much better resolved
and visible since the background due to atoms ionized
at a lower field value and the associated noise are
suppressed.

The 20d state is the highest state studied in ref. [9].
As one can see in table I the results obtained by Galla-
gher et al. are only partly confirmed by the present
results.
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F1G. 4. — Ion signal as a function of the pulsed electric field F
for the 20d state : A) By the classical method ; B) By the present
method. The experimental conditions for these recordings were
the following : rise time of F, = 1 pus; delay between F, and
AF = 2 ps; gate open time = 1 ps; amplitude of AF ~ 30 V/cm;
permanent d.c. field Fy, ~ 3.3 V/cm. At F, . field strength used
the selection of a given my,, value is not totally efficient, therefore
the peaks corresponding to m; = 2 appear weakly on the right
side of figure 4B just as the peak corresponding to m; = 0 is seen on
the left side of figure 4B.
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TABLE 1

Threshold fields (kV/cm) for the 20d state of Na

Im | =0 |mg|=1 |[m|=2
2.48
Ga‘iaglher 2.22 2.30 2.62
et at. 2.73
2.48
Present 2.54
work 2.33 2.33 566
2.76 (*)

(*) The signal for this threshold is very weak.

The uncertainty in the absolute values of the measur-
ed electric field thresholds is estimated to be 4 %,
half of which is due to the determination of the electric
field value in the interaction region. Taking into
account the uncertainties of the two measurements all
the present results are consistent with the results of
Gallagher. Moreover, only one ionization threshold
is observed for the |m; | = 0 and | m, | = 1 states,
whereas the | m; | = 2 state presents several thresholds
confirming his observation. On the other hand, the
ratio of one threshold value to another is determined
with a better accuracy and the present method allows
the separation of two thresholds which differ by 2 %
at least; nevertheless, and contrary to the results
of Gallagher, the difference between the observed
thresholds for |m; | = 0 and | m, | = 1 is too small
to be measured.

These results will be discussed in a more detailed
paper, together with other results obtained in the
same way for ns, np and nd levels.
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