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Is a Circular Rydberg Atom Stable in a Vanishing Electric Field?
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It is shown both experimentally and theoretically that a Rydberg circular atom keeps its maximum
momentum only if it is submitted to a nonzero static electric field whose direction is constant or slowly
varying. The minimum characteristic time of the field-allowed rotation is determined. The implications
of this effect for a future high-resolution microwave spectroscopy experiment on circular Rydberg atoms

is discussed.

PACS numbers: 31.60.+b, 32.60.+i

High-angular-momentum Rydberg states of alkali-
metal atoms have very peculiar properties with respect to
static electric fields. For an orbital quantum number /
larger than a few units, the various / levels of an n mani-
fold (where n is the principal quantum number) are
quasidegenerate: The energy shift between consecutive
n,l and n,/ +1 states is proportional to n =3/761 and be-
comes exceedingly small. The system is thus hydrogenic.
A very low static electric field is able to couple strongly
levels with different / values, and Stark shifts linear with
respect to the field are observed. The static electric field
eigenstates are the n, m, and n, states of the parabolic
Stark basis? with the electric field direction as a quanti-
zation axis.

Most of the high-angular-momentum?® and circular-
state Rydberg experiments*® have been performed in
experimental situations where a constant-direction Stark
field is applied to the atoms. This feature is in fact fun-
damental to remove the / degeneracy and to provide sta-
bility to the high-angular-momentum atoms.

In this Letter, we will discuss both experimentally and
theoretically how circular atoms evolve when the applied
Stark field rotates. We will see that the atomic system
state is then able to move in the n-manifold n?-
dimensional space, changing both / and m (in the spheri-
cal basis), or m and n; (in the parabolic one). This
physical effect manifests itself when one tries to cancel
the applied electric field. In this case, there is no
privileged axis and no reason for the system to keep its
initial orientation. The stray fields, whose order of mag-
nitude is typically 10 mV/cm to 1 V/cm, strongly couple
the levels of the n manifold, and are able to change both
the orientation (m) and the eccentricity (/) of the
valence-electron orbit (the field direction generally
varies with space and the moving atom sees a rotating
field). The circular atom then loses its circular charac-
ter.

The electric field effect on high~angular-momentum
atoms can be studied by use of a simple classical model
(n, I, and m are all large). The motion of the Rydberg
electron in an external field F is’

d(L*A)/dt =t e@sx(LELA). 1

L and A are the time averages of the electron orbital
momentum: rXp, and the Runge-Lenz vector®

m Y (xxp) xp+ (g*/4ney)r/r.

L, A, and the electric field F are supposed to vary slowly
with respect to the electron orbital motion (secular ap-
proximation). s is the hydrogen Stark frequency:

s =3n(4regag/m)'?E, )

where ag is the hydrogen Bohr radius and m is the elec-
tron mass. For n=25 and |E| =1 V/cm, Eq. (2) yields
to ws=27x4.8x107 rad/s.

Initially, the atomic system is prepared in a circular
state:. A=0, |L|=(n—1)A, with an electric field F
and the angular momentum L both oriented in the same
u, direction. This last assumption is automatically ful-
filled when circular states are prepared by the adiabatic
microwave transfer method.* Figure 1 presents (solid
line) for various values of ws/wgr the L motion in the

A=
o
<
3
-1
-1 0 1
Lx Z(n-NH
FIG. 1. Trajectories of the L motion in the ux, u,; plane

when the electric field rotates [Eq. (3)]. Curves a, b, c, d, and
e correspond to ws/wg =0.2, 0.4, 1, 2, and 4, respectively. The
dotted lines correspond to n=10, the dashed lines to n=20,
and the solid lines to the classical evolution n =co.
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u,,u; plane, when F is rotated from +u, to —u, in a
time n/wg,
F =F[cos(wgt Ju; +sin(wgt u,l. 3)

Note that the L projection in the u, direction is always
Zero.

If the field is slowly rotated at a frequency wg much
lower than wg, Eq. (1) shows that the atomic system
adiabatically follows the field. L keeps its maximum
amplitude (n—1)A and remains oriented along the field.
A remains zero (adiabatic approximation). This case is
illustrated in Fig. 1, curve e. If, on the contrary, the
field rotation is fast, wg > ws, the atomic system does
not evolve during the rotation and L remains oriented
along w,. This sudden-approximation regime corre-
sponds to Fig. 1, curve a. In both cases, with a quantiza-
tion axis along u,, the system is still, after rotation of the
field, in a circular state, oriented either in the —u,
direction (/ =—m =n—1) for the adiabatic wr <ws
case, or in the +u, direction (/ =+m =n—1) for the
s> WR case.

In all the intermediate cases (see Fig. 1, curve c), the
atomic system evolves during the rotation of the field,
but is unable to follow it adiabatically. The final state is
complex. The L amplitude is no longer maximum:
! < (n—1), A is nonvanishing, and both L and A are no
longer oriented in the u, direction.

In order to check the validity of this classical model,
we have computed and presented in Fig. 1 the quantum
evolution of the atomic system, for n=10 (dashed lines)
and n=20 (dotted lines), choosing the electric field am-
plitude so that the ratios ws/wg have the same values as
for the classical model calculation (solid lines). The
computation is done by direct integration of the
Schrodinger equation in the spherical n, /, and m basis.
The electric field F is considered as a classical perturba-
tion varying in time, in the dipolar hydrogenic Hamil-
tonian: H =E-D. As n is large, the evolutions of the
quantum average expected values (L) of L are very close
to the corresponding classical ones. Note that here, as n
is not infinite, (L) is not strictly in the u,,u, plane:
(L,)#0.

The experimental setup used to study these effects is
very similar to the one used by our group in a previous
experiment.® The n=25 circular atoms of lithium are
similarly produced by the adiabatic microwave transfer
method from the parabolic n=25, m=2, n, =0 state,
prepared by three YAIG (yttrium aluminum garnet)-
pumped dye-laser steps at 6708 A (2s— 2p), 6104 A
(2p — 3d), and 8313 A (3d — n =25,m,n,), respective-
ly. A 2.2-kV/cm ionizing pulsed voltage, rising in 10 us
[see Fig. 2(a), feature 3], is applied across the 6-
mm-spaced ionizing plane condenser, and the ionization
current is recorded.

In order to make the atoms experience a rotating low
Stark field, the ionization condenser has been modified.

_. 2000}

- (a)

§ 1500 t

>

Z 1000 @

3

230

£ 2001

(&)

g F @ Cf) ~

o
& i ®
& Fe-42[ 1 )
1
0 20 40
TIME/ (us)
(b)

21V/c
OV/em \/
~2\Vem

TIME

(c)
Ae-ag pram— et

FIG. 2. (a) Vertical component of the electric field as a
function of time seen by the ¥'=1750 m/s detected atoms. (b)
Detailed view of the mixing pulse. (c) Schematic view of the
field rotation.

Its forward part (with respect to the beam) is made of
two series of thirteen copper printed-circuit strips or-
thogonally oriented with respect to the beam axis u,. A
4.03-V voltage (three mercury oxide watch batteries) is
regularly distributed along both series of 5 -in. periodi-
cally spaced strips by a resistive network. This produces
a 1.33-V/cm electric field along the u, direction. Apply-
ing a small, experimentally controlled ¥y, mixing voltage
(—2.5 V<V < +2.5 V) across the condenser enables
us to vary both the electric field F vertical component F,
and direction F/F.

In Fig. 2, F, is plotted as a function of space and/or
time along the atomic beam for the 1750-m/s velocity-
detected atoms. Feature 1 is the large, slowly time-
varying field used for preparation of the circular states.
Feature 2 is the mixing pulse and features 3 and 3’ the
ionizing pulse.

The studied effect takes place at the very time when
the field rotates, i.e., when F, reverses sign. Depending
on the dc component Fy of the field F, applied across the
condenser, this happens either during the mixing pulse
(feature 2) or at the very beginning of the ionizing pulse
(feature 3).

Figure 2(b) shows, with more detail, for Fy=0, how
the vertical component F, reverses sign during the falling
(feature 2) and the rising (feature 2') edges of the mix-
ing pulse. Figure 2(c) shows how the corresponding field

3161



VOLUME 57, NUMBER 25

PHYSICAL REVIEW LETTERS

22 DECEMBER 1986

direction varies.

Figure 3 shows the time-resolved ionization signal ob-
tained under various conditions. For Fig. 3, curve a, the
9.2-GHz microwave used to prepare the circular states is
switched off. Figure 3, curve b, shows the n =25 circu-
lar state signature. The largest peak corresponds to the
n=25 circular state itself. The two smaller side peaks
can be assigned to the n=24 and n=26 adjacent circular
states populated by blackbody radiation transfer from
the n=25 circular state. Curves a and b in Fig. 3 are
very similar to curves a and b in Fig. 2 of Ref. 6 except
for the time origin and sign of the presented signal
(which appears on a dark background). Curves c-g in
Fig. 3 show the ionizing signals in the presence of a mix-
ing pulse going from F,=2.1 V/cm to F,=—2.1 V/cm
and back for different values of the falling and rising
slew rate.

Using the direct Schrodinger integration technique
described above, we have computed the normalized pop-
ulation of the n=25 oriented circular state, after the
mixing pulse. One gets 0.99, 0.86, 0.82, and 0.12, and
0.0 for the mixing-pulse field velocities of Fig. 3, curves
c-g, respectively. When this quantity is very close to 1
(0.99), no significant change, compared to the circular
case (Fig. 3, curve b), is observed on the ionizing signal

Q

o

IONIZATION SIGNAL
Q) ™ o Q [»]

-—

|
0 5 10
TIME (us)

FIG. 3. Field ionization signals with a 1.33-V/cm horizontal
field. Curve a: initial n=25, m=2, n; =0 state. Curve b:
circular n=25, m =24 state. Curves c, d, e, f, and g: circular
states in the presence of a mixing pulse whose falling and rising
slew rates are respectively —120 and +100 (curve c¢), —220
and +140 (curve d), —270 and +150 (curve e), —330 and
+160 (curve f), and —700 and +200 V/cm- us (curve g).
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(Fig. 3, curve ¢). When it is smaller than 1, remaining
of the order of 1 (0.86,0.82), ionization takes place for
lower voltage (shorter time), but the high-field narrow
circular peak is still present (Fig. 3, curves d and e).
When it is much smaller than 1 (0.12,0), the circular
peak disappears (Fig. 3, curves f and g). One observes,
upon the increase of the field velocity in Fig. 3, curves
d-g, a broadening and a shift of the ionizing peak to
shorter time and lower field. This corresponds to a pop-
ulation transfer from the m =24 circular state to lower
angular momentum states m < 24 which ionize in lower
fields. As a large number of m,/ sublevels are then pop-
ulated (this can be checked by integration of the
Schrédinger equation), ionization takes place on a larger
field domain.

A control experiment has been performed by reversal
of the direction of the horizontal field. No significant
change has been observed. The mixing effect has also
been seen in the horizontal parasitic field present without
the batteries. It corresponds to a 0.3-V/cm horizontal
field.

A last experiment has been made in the 0.3-V/cm
parasitic field, without application of any mixing voltage.
Depending on the value of the dc field Fo= %5 V/cm,
the electric field rotates or not at the very beginning of
the ionizing pulse. When this pulse rises rather slowly
(Fig. 4, curve a), the ionizing signal corresponding to a
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FIG. 4. Curves a and b: slow- and fast-rising ionizing
pulses. Curves ¢, d, e, and f: field ionization signal with a
0.3-V/cm horizontal field, and without mixing pulse. Curves ¢
and d: nonrotating and rotating signals (Fo=+5 and —5
V/cm) corresponding to the slow-rising (225 V/cm- us) pulse
of curve a. Curves e and f: nonrotating and rotating signals
corresponding to the fast-rising (4x10* V/cm-us) pulse of
curve b.
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rotating field (Fig. 4, curve d) is very different from the
nonrotating one (Fig. 4, curve ¢). This corresponds to
the previously studied mixing effect. When the field
rises very fast (Fig. 4, curve b), the atomic system has no
time to evolve during the field rotation and, after it, is
still in a circular state (whose helicity has been reversed
with the quantization axis). The rotating and nonrotat-
ing ionizing signals have then the same shape (Fig. 4,
curves f and e, respectively). This corresponds to the
sudden approximation regime.

An electric field acting on the high-angular-
momentum Rydberg atom is a major parameter which
must be controlled. Its effect can be analyzed simply by
the classical model [Eq. (1)]. This model predicts, for
example, that a circular-atom orbit plane which is ini-
tially orthogonal to the field tends to follow adiabatically
the field direction. When the field rotates, an unwanted
nonadiabatic m-mixing coupling effect can be avoided by
use of higher fields.’

Careful control of the electric field may allow the
movement of the atom state in the n-multiplicity two-
dimensional space (m,/ or m, ny). Nutation of / is ex-
pected if an initially circular atom is submitted to a con-
stant field parallel to the initial circular orbit plane.
This / nutation (inside the n multiplicity) is similar to
the m-Zeeman nutation (inside the n,/ multiplicity) in a
magnetic field orthogonal to the quantization axis.

To make circular atoms stable, it is thus necessary to
apply a nonvanishing electric field, orthogonally orient-
ed with respect to the orbit plane, whose direction is
constant or slowly varying (ws> wg). These three con-
ditions must be fulfilled in any experiment where long-

lived circular atoms are wanted. Circular Rydberg-atom
high-resolution microwave spectroscopy experiments can
be done in such a way. A low applied constant field
F ~30 mV is large enough to overcome stray fields in a
typical microwave cavity environment, providing the
necessary quantization axis (ws~1.4 MHz for n =25)
without modifying the transition frequency (the 25— 24
circular-circular 447-GHz microwave transition is shift-
ed by ~8 Hz).
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enne, Unité No. 18, associé au Centre National de la Re-
cherche Scientifique. One of us (J.L.) acknowledges
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tion Hugot du College de France.
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