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Formation of Oriented Elliptic Rydberg Atoms
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Oriented elliptic Rydberg atoms have been formed in a thermal beam of Li atoms by the adiabatic
crossed-field method. All coherent elliptic quantum states from linear to circular can be produced by
this method. The orientation and eccentricity is controlled by the external fields. While the formation
of circular states by the crossed-field method has already been established experimentally, the radiative
decay of the Rydberg atoms formed here was measured and compared with theory to verify that highly

eccentric elliptic quantum states may also be formed.

PACS numbers: 31.50.+w, 34.60.+z, 34.70.+¢

Following a suggestion by Delande and Gay [1] it was
recently demonstrated by Hare, Gross, and Goy [2] that
oriented circular Rydberg atoms may be formed by the
method of crossed electric and magnetic fields. When ap-
plied to thermal Li atoms the method consists of the fol-
lowing steps [2]. First, a linear Stark state with parabolic
quantum numbers (ny,n2,m) =(24,0,0) is formed by res-
onant three-photon laser excitation (2s-2p-3d “linear
state”) in an external electric field E which is thereafter
turned off adiabatically in the presence of an orthogonal
magnetic field B. This is realized by letting the thermal
atoms drift into a region where |E|=0 while B is con-
stant. The mean value, (L), of the orbital angular
momentum L of the circular quantum state resulting
from these steps is parallel to the external magnetic field
B. The transformation of the Rydberg state from linear
to circular proceeds through intermediate elliptic states
with (L) parallel to B and (A) antiparallel to E, where A
is the Runge-Lenz vector [1,3]. If the process is ter-
minated at a finite value of E, the method produces fully
oriented elliptic quantum states described by the orienta-
tion [4] vectors {L) and {A) which are controlled by the
external fields E and B. These are the so-called coherent
states. They form a unique set of quantum states giving
the best possible geometrical localization of the wave
function on a classical Kepler ellipse [3].

Coherent elliptic quantum states are of considerable
potential interest in many fields of atomic physics.
Within spectroscopy and atomic structure the interest is
associated with the broad range of orbital angular
momentum quantum numbers, /, including high / values,
represented in an elliptic quantum state [3]. High /
values are not easily reached by conventional methods.
Within the field of atomic collisions availability of target
atoms in elliptic states with continuously variable eccen-
tricity e and direction of orientation vector (L) provides a
completely new dimension to the study of collision dy-
namics. A few theoretical studies exist [5-9], but experi-
mental work [10-13] has been done only for states with
low values of / and m except for one experiment with cir-
cular Rydberg atoms [14]. An unexpected scaling rule
for charge transfer from initial states of large electric di-
pole moment was recently discovered theoretically [9] but

has not yet been confirmed experimentally. Linear or
near-linear Rydberg atoms would be ideal for this. Ellip-
tic Rydberg atoms of lower e are attractive for studies of
classical aspects of fast atomic collisions [5,6] because of
their large spatial dimensions and quasiclassical charac-
ter.

In the present Letter we describe how the crossed-field
method has been applied to form coherent elliptic Ryd-
berg states with principal quantum number n=25. The
radiative decay of the Rydberg ensemble has been mea-
sured by using pulsed laser excitation and observing the
attenuation of a selected velocity component of the en-
semble over the flight path from excitation to detection
by selective field ionization (SFI) [15]. We show that the
lifetime of an elliptic state may be calculated on the basis
of lifetimes for spherical states [16] and we compare our
experimental results with detailed calculations based on
these lifetimes. Because of quasidegeneracy of the m =0
and |m|=1 Stark states of the alkali atoms [17] it was
not possible with the presently (or the previously [2])
used techniques to completely avoid populating the
(ny,n2,m) =(23,0, = 1) Stark states simultaneously with
the (24,0,0) state. The (23,0, & 1) states are very similar
to the (24,0,0) state and during the switching process
they go through quasielliptic states into quasicircular
states, which are superpositions of states with spherical
quantum numbers (n,/,m)=(25,23,23) and (25,24,23).
The Rydberg states produced are thus the coherent ellip-
tic states [3] mentioned above and possibly states very
similar to those.

The experimental arrangement is shown in Fig. 1.
Thermal Li atoms are passed through the center holes of
eight electrodes (E1-E8) which define four regions
(1-1V) with homogeneous electric fields. In the first re-
gion, I, defined by E1-E4, the field is 150 V/cm. This
field separates the two Stark levels (n,n,,m) =(24,0,0)
and (23,0, = 1) by —4 GHz, but they appear in the ex-
periment as one level. However, the (23,0, % 1) level
may be partly discriminated against by detuning the third
laser (FWHM=6.5 GHz) towards the (24,0,0) level. In
practice the laser was detuned ~6 GHz from the peak
value. All lasers are linearly polarized parallel to the
Stark field E. The laser beams are produced by three dye
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lasers pumped by a 14 Hz Nd:YAG laser. The next re-
gion, II, defined by £4 and E5 from a transition region
in which E is 20 V/cm. A fine grid covering the hole in
electrode E£4 ensures homogeneity of the field in the re-
gion E3 and E4 of laser excitation. The Rydberg atoms
with m =0 are still linear in II, but when passing through
electrode ES into region 111, they are transformed into el-
liptic states with orientation vectors (L) and (A) as de-
scribed above and with eccentricity given by?

21172
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where E is the electric field in III and B is a horizontal
magnetic field of 0-150 G also present in III. The direc-
tion of (L) and the value of e may be varied by adjusting
the direction of B and the potential V', on E5, respective-
ly. Earlier experiments [2,14] with targets of Rydberg
atoms formed by techniques similar to the present ones
show that the target density is high enough for spectro-
scopic and atomic-collision studies. When the elliptic
atoms finally pass through E 8 into region IV where E is

1+ )

M(Ly+Ly)+r.Lin+Ac-Liy
L

S=Kf(v)
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where K is a constant, f(¢) is the density of thermal Li
atoms with velocity v =L/At (At is the time difference be-
tween excitation and field ionization), L} =2.5 mm is the
averaged distance from laser excitation to £4, and L =5
mm, Ly;=20 mm, and L;y=22.5 mm are the lengths of
regions II, II1, and IV, respectively. The quantities A,
Agls Aes Age, A, and A4 are decay rates for linear, quasi-
linear, elliptic, quasielliptic, circular, and quasicircular

HV TTL X

i SEM
A~ L
2%

I IV CIRCULAR

‘ III ELLIPTIC

Ng
= !

i
i
|
EN

LINEAR

=2 T

< -

[e)

FIG. 1. Experimental setup consisting of an oven for the
vertical Li beam, electrodes E 1-E8, voltage supplies ¥, and
V3, lasers producing Rydberg states of Li between E3 and E4,
plates HV and TTL for selective field ionization (SFI), and a
secondary electron multiplier (SEM). To the right we show
schematically for two values of V', the vertical electric field E
along the beam axis and identify four regions -1V in which the
Rydberg atoms are linear (I and 11), elliptic (I11), or circular
(IV). A quadrupole magnet (not shown) defines a rotatable,
horizontal, homogeneous magnetic field B in regions 111 and 1V.

At | + Ageexp [ -

zero, they become circular (¢ =0). The spacing between
the electrodes is 5 mm except between E6 and E7 where
it is 10 mm. The distance, L, between the points of laser
excitation and field ionization is 50 mm. At about 50
usec after laser excitation most of the Li atoms have
drifted into region IV, and at this time a fast transistor-
transistor logic (TTL) pulse (10 V, 5 nsec rise time) is
applied to plate TTL and a ramp is started (slew rate 300
V/usec) on plate high voltage (HV). Ions detected by
the secondary electron multiplier after field ionization as
the ramp grows form a time spectrum which was record-
ed by a digital oscilloscope. For B parallel to the ramp
field the resulting SFI spectrum of circular atoms is near-
ly identical to the one shown in Fig. 2 of Ref. [14]. It has
a main peak and two smaller peaks, one on each side, re-
sulting from near-circular states with n =24 and 26. The
extracted SFI signal includes the total counts of all three
peaks. With this definition of the SFI signal the influence
of blackbody radiation [18] from the liquid nitrogen
cooled surroundings is effectively reduced. The signal
strength, S, is given by
I

' Rydberg atoms, respectively, and 4, and A4, are the rela-
tive populations of the two quasidegenerate Stark levels.
The distances depend slightly on the electric field in III.
They were found by calculating numerically the field
throughout the region covered by the beam and in partic-
ular the regions near electrodes ES and E8. Before and
after the recording of each SFI signal, S, a standard SFI
signal, Sy, was taken and used for normalization to elimi-
nate effects on the measurements of unavoidable drifts in
laser power, overlap factors, and Li density.

In one type of measurement E/B had the same value in
regions Il and IIl and the time interval Az was varied.
The data were normalized to the SFI signal at a small At
where the signal was strong. The ratio, R./., between
normalized SFI signals for E/B=0 and E/B=0 corre-
sponding to elliptic and circular states, respectively, has
the form of a radiative decay curve. The expression is
lengthy in the general case, but it simplifies for 4, =1 or
Age=1. For A, =1 one finds

Ag(Li+Ly)+AgeLin+Ag Ly
L
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where K,/ is a constant. In another type of measure-
ment B and E were both zero throughout and the radia-
tive decay of np states was obtained as above by varying

At. For A, =1, the normalized SFI signal has the form
Ly
Rup(At) =Knpexp| — k,,,,—l,T
Lu+Lin+L
N L L Y
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where K, is a constant. In a third and final type of mea-
surement Az was constant and E was varied to cover e
values from zero to almost unity. The data were normal-
ized to the SFI signal for E =0. For A, =1, one finds a
survival fraction given by

(5)

L
R.(E) =exp [ — (. —Ac)—z—"At

The following comparison with theory for elliptic states is
based on (3) and (5), while (4) was used to extract ex-
perimental decay rates for the p states.

The theoretical decay rate A, for an elliptic or quasi-
elliptic state labeled k is given in terms of lifetimes [16]
T =1/Ay for spherical states by

n—=1 m=|

M= X llal‘mlzxn,, (6)

1-0 m= —

where af, are expansion coefficients for the state k on a

spherical basis. Although the elliptic state is a coherent
superposition of spherical states, there are no interference
terms in the total decay rate since such cross terms may
be shown to vanish identically in decay processes to iso-
tropic manifolds of final states. In a hydrogenic represen-
tation af,, may be obtained algebraically [3], but for
finite quantum defects an explicit diagonalization of the
energy matrix for crossed electric and magnetic fields is
necessary. This results in field-dependent af, values and
in decay rates which depend not only on E/B (or e) but
also weakly on the fields separately. Details of the calcu-
lations, which use quantum defects and methods from
Ref. [19], and comparison with a broader set of experi-
mental data will be published separately.

The counting errors of the measured SFI signals are
generally small and indicated in the figures. Systematic
errors come from the ratio E/B (10%) and the lengths
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FIG. 2. Radiative decay curves for an elliptic Rydberg state
with n=23 and ¢=0.9987 (B=35 G and E =20 V/cm), and
for a 23p state. The time periods spent in the respective states
are shown. Counting errors are indicated by error bars.
Theoretical decay rates (sec ™', quantum defects included) used
in Eq. (3) are shown. Curve e: 4. =1. Curve ge: Age =1.
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Li-Lyy (5%).

Experimental and theoretical ratios R,/. are plotted in
Fig. 2. The deviation from the theoretical curve for
A, =1 is within combined experimental and theoretical
errors, but, for Az, =1, the agreement is not quite so
good, indicating that the quasilinear state is populated
only weakly. The experimental technique was checked by
measurements of lifetimes for np states with n values
from 23 to 26 under field-free conditions. The decay
curve for 23p is shown in Fig. 2. The np and nf states of
Li are both connected with the intermediate 3d state by
electric dipole transitions and they are separated suf-
ficiently in energy by the quantum defects that selective
population of individual np and nf states is possible for a
range of n values. The observed decay rates for the f
states are much smaller than calculated values. This is
due to the almost exact degeneracy of the f state and
long lived states of higher / value, which are mixed in by
even small stray electric fields. Experimental and
theoretical lifetimes for the p states are listed in Table 1.
The agreement is satisfying.

Experimental and theoretical ratios R, are plotted in
Fig. 3. Negative and positive values of E/B correspond to
elliptic states with electric dipole moment parallel and
antiparallel to the dipole moment of the initial Stark
state, respectively. When plotted vs the experimental pa-
rameter E/B, large values of e are accentuated. Results
are also plotted directly vs e to show the variation for
near circular states. The quantity R, is independent of
the sign of E/B but due to unavoidable and rather stable
stray fields ( <0.15 V/cm) the symmetry point of the ex-
perimental data was not always found at V;=0. Mea-
surements for both positive and negative V', are essential
for a correct assessment of the zero point for E/B. The
symmetry of the experimental data about E/B =0 shows
that the adiabatic switching works correctly. Two of the
theoretical curves shown in Fig. 3 are calculated in a
purely hydrogenic basis and show survival fractions for
elliptic and quasielliptic states (e-h and ge-h, respective-
ly). Two other curves (e and ge) show results from di-
agonalizing the energy matrix including crossed electric
and magnetic fields and taking into account the quantum
defects of s, p, and d states. The hydrogenic description

TABLE I. Lifetimes of Rydberg states. Experimental values
for two assumptions on corrections [Eq. (4)]. Statistical stan-
dard deviations are indicated. Estimated experimental sys-
tematic error 5%. Theory for temperature 7=0 K. About 10%
lower at T=77 K.

State Experiment (usec) Theory (usec)
nl Ae=1 Age=1 T=0K, Ref. [16]
23p 30.5+0.6 30.7%0.6 35.2
24p 35.5+0.7 35.6 £0.7 39.8
25p 40410 40.6+1.0 44.8
26p 46.6 + 1.7 469+ 1.7 50.2
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FIG. 3. Experimental and theoretical survival fractions, R.,
of elliptic Rydberg state with n=25. Experimental results:
Full points, R. vs eccentricity e as shown on upper scale;
crosses, R. vs E/B as shown on lower scale (B=50 G).
Theoretical curves [Egs. (5) and (6)} vs E/B: e-h, hydrogenic
for A. =1; ge-h, hydrogenic for Az =1; e, quantum defects in-
cluded for 4.=1; ge, quantum defects included for Ag =1.
The results labeled e-h are also plotted vs e. The strongly non-
linear relation between E/B and e is revealed by the very
different shapes of the two e-h curves.

is accurate in the broad interval 0 <e <0.9, but for
e>0.9 or E/B>0.059 the quantum defects are clearly
important. The lifetimes of states with ¢ <0.8 are too
long to be measured by the present setup as seen from the
near constant value of R, in this interval. Therefore safe
conclusions can be drawn only for ¢>0.8 or E/B
> 0.039. The experimental results for this region agree
with the theoretical curve (e) for the elliptic states,
whereas they deviate somewhat from the curve for
quasielliptic states (ge). This is taken as verification that
eccentric elliptic states (e > 0.8) are indeed formed, with
a possible minor contamination by quasielliptic states.
SFI spectra for different directions of B and previous re-
sults [2,14] show that oriented circular atoms are formed
in region IV. Since the adiabatic switching takes place at
E5 between regions II and III, this must be true also in
region II1 when E/B=0. For 0 <e <0.8 the present
data do not offer evidence (except from interpolation)
that oriented elliptic states are formed but data to be
published on electron capture by 2.5 keV Na* jons
directed through region III show strong dependence both
on e, even for small values of e, and on the direction of B
supporting our conclusion that also elliptic states with
0 <e <0.8 may be formed and controlled.

In conclusion, experimental evidence is presented that
the crossed-field method, as expected on theoretical
grounds, may be used to produce a target of oriented el-
liptic Rydberg atoms of sufficient density for spectroscop-
ic and atomic-collision studies to be performed. The ec-
centricity and the direction of the averaged angular

momentum (L) is controlled by external electric and
magnetic fields.
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