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Amplitude modulation of atomic wave functions
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When a two-electron-like atom has one electron excited to a Rydberg state, and the other electron
is then excited for a time that is short compared to the orbit time of the Rydberg electron, a “notch”
is created in the Rydberg wave function, corresponding to that part which autoionized during the
small time that the core was excited. This notch is initially localized in space and momentum, and
follows a classical trajectory in momentum space. This transient-core-excitation method is a very
efficient way to create notched atomic wave functions, and is demonstrated here using a long pulse

core excitation.
PACS number(s): 31.50.+w, 32.90.+a

When a Rydberg state of a two-electron-like atom is
excited to an autoionizing Rydberg state [1] by a short-
pulse core excitation, a shock wave is generated in the
Rydberg electron’s wave function [2]. The core electron’s
dipole moment in this doubly excited state then decays
in a classical fashion, in a series of “stair steps” [3]. Al-
though the net decay of the autoionizing state is still
nearly exponential, the “stair-step” behavior is somewhat
reflected in that part of the Rydberg wave function lo-
calized near the core electron [2]. Here, we show that a
short-pulse core excitation, followed by a second short-
pulse core deexcitation can capture that behavior and
produce a “dark-wave” packet [4, 5] in the bound Ryd-
berg electron’s wave function in momentum space. This
means that the momentum-space wave function has a
localized depletion and that this depletion follows a clas-
sical trajectory. This is the complement to the normal
Rydberg wave packet, which is created by short excita-
tion pulses [6, 7). The very high efficiency of this pro-
cess should make it possible to modify a Rydberg wave
function arbitrarily, to generate almost any desired wave-
function amplitude envelope. We illustrate the character-
istics of this unusual excitation by illustrating the time
evolution of the wave function in momentum space and
by decomposing the wave function into Rydberg states
of well-defined principal quantum number n. We report
experimental evidence of this process by observing this
redistribution into other bound states of different princi-
pal quantum number.

Consider a two-electron-like atom (e.g., barium) where
one electron is in a bound Rydberg state of principal
quantum number n, and the other (which we will call
the “core” electron) is in its ground electronic state. This
state has a binding energy of W,, = —0.5/n*?, where n* is
called the effective quantum number. If the core electron
is excited with a short laser pulse, then the core transition
itself can “shake up” the Rydberg electron into a variety
of different states, with new effective quantum numbers
v. The transition moment for this process is proportional
to a factor representing the energy density of doubly ex-
cited states and the overlap integral between initial and

46

final Rydberg states, < n|v > [1]. The quantum num-
ber v and the energy become continuous variables, since
doubly excited states are so short lived. With this exci-
tation, the time-dependent Rydberg wave function of the
doubly excited state can be written as

[T >oc /IAV[2e_iW"‘|V >< vin > dW,, 1)

where |A,|? is the aforementioned energy density of dou-
bly excited states, and the Rydberg overlap factor can
be written as

_ sinm(n* —v)
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<v|n>
This wave function looks just like the original Rydberg
wave function |n >, at t = 0; however, as time evolves,
the incoming wave-function flux is partially autoionized,
so that less flux leaves the small-r region. This generates
a shock wave that propagates along a classical trajectory
2].
[ ]But, if a second pulse is applied after a delay time tg4,
then the autoionizing Rydberg wave function will be pro-
jected back onto the original, bound Rydberg series. The
final, time-dependent, bound, wave packet thus becomes
a discrete sum over the bound states. Again, this may
result in a net change in principal quantum number as
a result of the first and the second shake process. The
coefficient of excitation into each state, m # n, can be
written as

Cm X / |42 < n|v >< vim > e~ Bvt/hdE,  (3)

where we have omitted an overall normalization factor
that depends on the length and strength of the excitation
pulses.

Since this two-step process can result in a different
bound Rydberg state, it is relatively easy to detect such
shake transitions. Selective field ionization [8] has rou-
tinely been used to detect relative populations in bound

R2201 ©1992 The American Physical Society



R2202

Rydberg states over a wide range of quantum numbers.
The characteristics >f the final-state distribution will
have some simple, ge neral behaviors.

For example, if the doubly excited states form a single

siith (7y/2)

sin[r(n* — v)] sin[r(m* — v)]
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Rydberg sequence, coupled to a single continuum, then
standard expressions can be used for the density of states
and the overlap factor [9] so that the coefficients can be
written as

m = | Tsin[r(i +6 + v/ 71(Wp —W,) 7(Wom — W,)

To the extent that 1he bound series is unperturbed so
that m — n is an inzeger and the spacing between ad-
jacent states does not vary much from one state to the
next, then each ¢, for m # n can be factored into a
normalization factor f(t4) times an m-dependent modu-
lation:

o SIN[F (Wi — Wi )td]
L (Vm — Wa)

em = (=1)"" e”Wrtaf(ty).  (5)
Figure 1 shows the squares of the coefficients for the
n = 47, 48, and 49 siates as a function of tg4, obtained by
integrating Eq. (4). The initially excited Rydberg state
was an n = 45 state. For the doubly excited autoioniz-
ing states, we used -+ = 0.1, é = 0.5; however, this only
affects the stair-step normalization envelope. Clearly, it
is possible to constriict unusual m-state distributions by
choosing the delay time t; appropriately. Note, for ex-
ample, that near ty = 0.5 Rydberg cycles, mostly states
where m — n is odd will be excited.

These Rydberg wave packets are most instructive in
a pseudomomentum space. We have numerically inte-
grated Eq. (1) to cbtain spatial wave functions using
a scaled radial coordinate u = /(r/2). This scaling
changes the wave function to x(u) = r3/4R(r), where
R(r) is the usual Rydberg radial wave function. The net
effect of these scale :hanges is to compress the extent of
the wave function [}] and to force it to look more like
a harmonic-oscillator function. We then Fourier trans-
formed these functicns to obtain a picture of the packet
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FIG. 1. Relative population shaken into m =47 (solid),
m = 48 (dashed), and m = 49 (dashed-dotted) states as a
function of the delay time (in units of Rydberg cycles) be-
tween the excitation and deexcitation pulses. The initial Ry-
dberg state was an n = 45 state.

e~ Wetaqyy,,. (4)

[
in momentum space, where p = i9/0u.

Figure 2 shows the square of the complex amplitude
of these wave functions in momentum space and how
they develop in time, where we have chosen t; = 0.2 and
have characterized the autoionizing states by v = 0.3 and
6 = 0.5. In this sequence it is clear that a notch has de-
veloped in the momentum profile, at the end representing
high-momentum outgoing waves. These waves are those
which passed through the core region while it was ex-
cited and thus partially autoionized. As time progresses,
this notch traverses to lower momentum (corresponding
to large radial coordinate values), and then to large neg-
ative momentum values (corresponding to small radial
coordinates, approaching the core). The width of this
notch is proportional to the delay time between the two
pulses, and the depth of the notch depends primarily on
the rate of autoionization of the doubly excited state.
The notch is not as clear in u space as in p space because
the wave function is constructed from waves traveling in
both directions. These two waves tend to blur the notch,
except for when the notch occurs at a turning point.

In our experiments, we have used a single pulse to ex-
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FIG. 2. Time evolution of a notch in the momentum wave
function. The square of the momentum wave functions is

plotted for times of 0.05, 0.4, and 0.7 Rydberg cycles after
the excitation, in (a), (b), and (c), respectively.
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cite and deexcite the core electron. Our pulses are fairly
long (nanoseconds), and would require n values in excess
of 300 to examine the timing details. Such states are ex-
ceedingly fragile. Consequently, we have examined 6snd
states in the vicinity of n = 130, where the Rydberg elec-
tron makes several orbits during a laser pulse. “Notch-
ing” still occurs in this case, since our laser has consider-
able excess bandwidth and the beating of its many modes
creates a series of pulses shorter than a Rydberg orbit pe-
riod. This series of pulses is not repeatable, or control-
lable, so we have restricted our measurements and only
observe the population redistribution that accompanies
“notching.”

We used standard two-color, stepwise excitation of
an atomic beam of barium to prepare the initial bound
states. The excitation region is between two parallel ca-
pacitor plates separated by 2.5 cm. The top plate is elec-
trically grounded, but has a hole in the center, covered
with a screen, so that electrons may leave the interaction
region. To analyze the state composition, we applied a
small negative voltage ramp to the bottom plate. In this
way, a state is identified by the field required to ionize
it, since this determines the time that the electron takes
to arrive at the detector. We detected electrons with a
microchannel-plate particle detector placed 3 cm above
the interaction region. The field between the capacitor
plates is nominally kept at zero during the bound states’
excitation; however, these states are extremely suscepti-
ble to even the smallest fields. We estimated the resid-
ual field to be less than 100 meV/cm by monitoring the
collection of photoionization electrons as we varied a dc
bias. For the wrong sign bias, no electrons reach the de-
tector. Nevertheless, the small Stark field will mix the [
states near n = 130, so we have initially excited a band
of Stark states, rather than states of well-defined [ value.
This does not destroy the notching process, since all the [
states have the same radial orbit period [10]. (Although,
the mixing will reduce the autoionization efficiency and
change the phase shift due to the elastic interactions be-
tween the Rydberg and core electrons.) Our Rydberg
excitation laser had a bandwidth of less than 0.2 cm™!
(as measured using an air-spaced étalon with a free spec-
tral range of 0.8 cm™!), so that it excited a relatively
narrow band of Rydberg states.

The field required to ionize a Rydberg state is
3.3(100/n)* V/cm, and this decreases rapidly with in-
creasing n values. Thus, when the ionization field is
ramped, higher-n states ionize at earlier times, when the
field is still low. Our field-ionization ramp has a rise
time of approximately 1.5 us, and the pulse is applied
approximately 1.5 us after the state excitation. This al-
lows double discrimination in the state analysis, since the
peak ionization field and the electron arrival time can be
set.

We typically set our field-ionization voltage pulse
30 meV below threshold (~1 V/cm), and swept a 493-
nm-wavelength laser near the core electron 6s — 6p;/2
transition. The core laser has a pulse length of approxi-
mately 3 ns, a bandwidth of ~ 0.8 cm™?! (which is due to
many longitudinal modes in the oscillator), and arrives
approximately 20 ns after the bound Rydberg states are
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prepared. We detected our signal with a boxcar integra-
tor, whose gate could be set to detect the prompt signal
showing electrons produced by autoionization or to de-
tect the delayed signal that showed electrons produced
by the field ionization of higher bound states than those
initially excited. Figure 3 shows traces of a storage oscil-
loscope, with a retention time of 5 s (approximately 50
laser pulses). The top trace shows the ionizing field pro-
duced by a voltage pulse on the lower plate. The center
trace shows the field-ionization signal without the core
laser present and with the ionization field set just above
the field-ionization threshold. The first structure is the rf
noise from the laser @ switch, followed by more rf noise
when the ionizing ramp begins, approximately 1.5 us
later. As the ionization ramp rises, it reaches the thresh-
old for Rydberg ionization, and the resulting electrons
begin with a sharp threshold. The bottom trace shows
the ionization signal with the core laser present. Direct
photoionization arrives promptly, with the @Q-switch rf
noise. Field ionization of the original Rydberg popula-
tion (and any redistribution into higher states) is still
present. The new feature — electrons arriving at signif-
icantly lower ionization threshold — demonstrates that
the core laser has produced the redistribution into lower
states, which is indicative of “notching” the Rydberg
wave function. The storage-oscilloscope traces have been
heavily saturated at times greater than 3 us, so this figure
shows more apparent redistribution than actually occurs.
On a single laser pulse, five events can usually be seen at
the low fields, with the high-field events overlapping as
in the figure.
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FIG. 3. Storage-oscilloscope traces of approximately 50
laser pulses. The top trace shows the ionization field. The
center trace shows the field-ionization signal without the core
excitation. The bottom trace shows the ionization signal with
the core-laser driving transitions to generate the redistribu-
tion.
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Figure 4 shows how the the photoionization signal and
the “shake” vary with core-laser tuning, when the core
laser fluence is low (~ 10 pJ/cm?). Each point corre-
sponds to the average of four separate sweeps (a sweep
sums data during 30 laser pulses), and the error bars
show the standard deviation of those four sweeps.

The shake signal is asymmetric, showing less signal to
the low-energy side. At these low-energy detunings of the
core laser, the excitation produces a “shake” into lower n
states to conserve energy. However, since the core laser
power is low, the transitions back to the bound-state
spectra occur primarily from spontaneous core fluores-
cence, very near the ionic transition frequency. This is
yet another illustration of the efficiency of this process,
that the vacuum fields are sufficiently strong to drive the
shake transitions. The net effect is to lower the principal
quantum number of the bound state, so that it will not be
ionized by a field that can ionize the initial state. More-
over, these notching transitions will not increase with the
square of the laser intensity as a normal two-photon tran-
sition, because at low intensities, the second transition is
dominated by spontaneous fluorescent decay of the core
electron [11], rather than by laser-induced transitions.

At higher core-laser powers, the transition back to the
bound state is dominated by stimulated transitions that
occur near the laser frequency. These stimulated tran-
sitions bring the atoms back to a band of bound states
within the laser linewidth of the original state, indepen-
dent of the laser frequency detuning. These are the two-
step transitions we have described above. At higher flu-
ences of ~ 100 uJ/cm?, the photoionization and shake
signals thus look identical because the ionic core transi-
tion has been saturated.

We currently do not have the ability to observe shake-
down into lower states, since the electrons from lower
states arrive just after the large signal from atoms, which
remain near the initial n value. However, by examining
the field-ionization range of the atoms making transitions
to higher n states, we have determined that the shake
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FIG. 4. Photoionization (circles) and shake signal into
higher-n states (squares) as a function of core-laser detuning
from the ionic transition. Error bars show standard deviation
from four separate sweeps.

transitions produce n values shifted by 5 or 10. This is
consistent with our laser linewidth.

This core excitation method is a very efficient method
to “notch” Rydberg momentum wave functions, creating
dark waves. Dark waves have been discussed as a product
of extremely high fields stabilizing Rydberg electrons [4];
however, the fields suggested here are very modest. If
one were to use a shorter pulse laser, then it should be
possible to impose arbitrarily shaped timing notches on
a wavefunction. Even with 1-ps-long laser pulses, the
saturation fluence should be less than 10 mJ/cm?, so
that currently available laser systems should be able to
create significant quantities of such notched atoms.
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