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Population trapping and laser-induced continuum structure in helium: Experiment and theory

T. Halfmann, L. P. Yatsenko,* M. Shapiro,† B. W. Shore,‡ and K. Bergmann
Fachbereich Physik der Universita¨t, 67653 Kaiserslautern, Germany

~Received 25 March 1998!

We report the observation of laser-induced structure~LICS! in the flat photoionization continuum of helium.
The structure is a strong and spectrally sharp resonance, showing both enhanced and diminished ionization~a
Beutler-Fano profile!. Our observations show, in an otherwise unstructured continuum, pronounced ionization
suppression~as much as 70%!, which is due to population trapping associated with LICS. We also show the
effect of dynamic Stark shifts upon the LICS profile. A discussed theoretical model, incorporating significant
dynamic Stark shifts, gives a quantitatively accurate description of the line profile for a wide range of pulse
intensities.@S1050-2947~98!51807-0#

PACS number~s!: 42.50.Hz, 32.80.Fb, 32.80.Qk
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INTRODUCTION

In recent years our understanding of how laser fields
teract with a continuum of energy levels has progressed
stantially. The continuum is no longer viewed merely as
dissipative environment that is best described by a se
kinetic equations~often using approximations such as t
Fermi golden rule!. Theoretical and experimental work@1–7#
has shown that laser fields may often maintain perfect co
ence involving continuum states. In particular, laser inter
tions with a continuum have been shown to exhibit Rabi-ty
oscillations@4# and to lead to essentially complete populati
transfer to and from a continuum. In theory, a continuum c
serve as an intermediary for a stimulated Raman adiab
passage~STIRAP! process in which nearly complete pop
lation transfer occurs between two bound states@6,8–10#. In
practice, however, this is a much more difficult task@6,8#
than STIRAP, which involves bound intermediate sta
@11#.

It has long been recognized that autoionization line p
files reveal the effect of interference between two ionizat
channels@12,13#. Destructive interference may lead to com
plete suppression of photoionization at a specific wa
length. One of the more interesting coherent phenomena
volving a continuum is revealed by using a laser field
embed a bound-state resonance into a possibly otherwise
tureless continuum. Such ‘‘laser-induced continuum str
ture’’ ~LICS! @1,14–16# can be detected, among other pos
bilities, by a second~weaker! laser field that induces a
transition from a populated bound state to the previou
unstructured continuum. Observations of LICS of photoio
ization near autoionization resonances have been repo
@2,19#. Under appropriate conditions the presence of
strong laser field~which alone produces no ionization! can
suppress the photoionization of a probe laser; the two fie
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create a coherent-superposition state that is immune
photoionization~a trapped state@17,18#!. Ionization enhance-
ment is the dominant feature, in previously observed LICS
photoionization, of an otherwiseunstructured continuum
@20–22#, with some suppression~a few percent! also recog-
nizable. Here we present experimental data, with theoret
substantiation, for substantial~70%! ionization suppression
and population trapping. The nearly complete suppressio
photoionization revealed by our data indicates quite clea
the presence of strong coherent interaction mediated by
photoionization continuum.

We also demonstrate, both experimentally and theor
cally, how dynamic Stark shifts alter the LICS structur
~inducing shifts and widths!. The high spectral resolution
achieved in this experiment renders this LICS a spec
scopic tool for revealing coherence properties of the pho
ionization continuum and measuring laser-induced St
shifts. We find excellent agreement between experiment
a simple model-potential calculation~no adjustable param
eters! of atomic parameters, including continuum properti

EXPERIMENT

A pulsed beam of helium is expanded through a noz
~general valve; opening diameter 0.8 mm! with a stagnation
pressure of 1200 mbar. The atoms are excited from
ground state 1s 1S0 to the metastable singlet state 2s 1S0 by
electron impact in a gas discharge that is operated 4
behind the nozzle. A skimmer~diameter 0.8 mm! is placed
40 mm away from the nozzle to collimate the atomic be
and to separate the source chamber from the region of in
action and detection.

To detect helium ions mass selectively, we use a dou
thickness microsphere plate~El Mul Technologies! and a
short time-of-flight segment. The output current of the m
crosphere plate is amplified with fast broadband amplifi
and is integrated in a boxcar gated integrator~EG&G 4121
B!.

Figure 1 shows a schematic diagram of the states
transitions involved in our experiment. A dressing pul
couples the~initially unpopulated! excited state 4s 1S0 to the
ionization continuum thereby inducing the continuum stru
ture. This is probed by a weaker laser pulse that couples
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~initially populated! metastable state 2s1S0 to the ionization
continuum.

To produce the probe pulse, laser light at 587 nm from
single-mode cw dye laser system is amplified in a pulsed
amplifier, pumped by the second harmonic of an injectio
seeded neodymium-doped yttrium aluminum gar
~Nd:YAG! laser. The wavelength of the cw radiation is me
sured to an accuracy ofDl/l5231026 in a Michelson-type
wavemeter, using a He-Ne laser, stabilized on an iodine l
as a reference. The pulsed radiation is frequency-double
a BBO crystal, providing probe-laser pulses that have a p
width Dt52.3 ns@half-width at 1/e of intensity I (t)#. The
dressing radiation is obtained from the fundamental f
quency of the Nd:YAG laser and has a widthDt55.1 ns.
Our laser bandwidths~120 MHz for probe and 50 MHz for
dressing laser! were within 10% of the Fourier limit, an es
sential requirement for observing deep narrow ionizati
suppression features. A folded optical delay line is used
adjust the time delay between the probe and dressing pu
In general, the strongest features are observed when the
poral overlap between the pulses is maximal, i.e., when
pulses coincide.

After passing through the optical setup, pulse energie
up to 250 mJ for the dressing laser and 1 mJ for the pr
radiation are available for the experiment. The laser-be
diameters at the atomic beam position are 0.5 mm for
probe and 3.5 mm for the dressing laser, yielding intensi
of up to 100 and 300 MW/cm2, respectively. Thus, the varia
tion of the dressing-laser intensity across the probe-laser
file is small.

LASER-INDUCED CONTINUUM STRUCTURE

When the probe laser is tuned across the two-photon r
nance~between the states 2s 1S0 and 4s 1S0 ; see Fig. 1!, we
observe strong and spectrally narrow features in the ion

FIG. 1. Helium level scheme and the relevant couplings. T
dressing laser (lS51064 nm) couples the excited state 4s 1S0 to
the ionization continuum. The induced continuum structure
probed~at lP5294 nm! through ionization of the 2s 1S0 state.
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tion rate; see Fig. 2. These features can be regarded
4s 1S0 resonance embedded in the ionization continuum
the strong dressing laser~and probed by the weak probe la
ser!.

The structure exhibits a typical asymmetric Beutler-Fa
profile, in which the ionization rate is controlled by appr
priately tuning the probe laser frequency, thereby selec
the region of enhanced or diminished ionization. At the mi
mum of the ionization profile the yield is reduced to less th
30% of its unperturbed value~in the absence of LICS!. The
figure also shows the result of numerical simulations, wh
are discussed in the following section.

We have found that the position of the profile minimu
varies linearly with dressing pulse intensity~see Fig. 3!. We
discuss below the quantitative agreement of this result w
our model computation.

THEORETICAL CALCULATIONS

Our calculations involve the formal adiabatic eliminatio
of the continuum from the time-dependent Schro¨dinger equa-
tion @1#, leading to a pair of coupled ordinary differentia
equations for the time dependence of the two bound-s
amplitudes@6#. The atomic parameters needed in these eq
tions are the bound-bound and bound-continuum dipo
transition moments. From these we construct the polariza
ities, photoionization cross-sections, and the Fanoq
parameter. The transition moments were evaluated usin
model potential@23# for the valence electron states in th
helium atom, in which an effective noninteger orbital angu

e

s

FIG. 2. Variations of the ionization cross section, probed with
weak probe pulse, the frequency of which is tuned across the t
photon resonance between the 2s 1S0 and 4s 1S0 states. The axis of
the probe laser beam~diameter 0.5 mm! coincides with the axis of
the dressing laser beam~diameter 3.5 mm!. There is no time delay
between the pulses. The laser intensities areI P54 MW/cm2 and
I D575 MW/cm2. The experimental profile~dots! is in good agree-
ment with the result from numerical studies~dotted line!, which
include averaging over fluctuating laser intensities and integra
over the spatial profile of the probe laser. With laser intensit
stronger than those used for this figure, two-photon~IR plus UV!
ionization of the 2s 3S1 state produces an additional backgroun
This small contribution is determined from the difference of the i
signal with the dressing laser on and off, when the probe-la
frequency is tuned far off resonance from the LICS. For this fig
such background was negligible.
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momentum quantum number, given asl * 5l 2n1(1/
A2uEnl u), is defined from the ionization potentialEnl ~in
atomic units! for orbital angular momentuml and principal
quantum numbern.

This procedure allows us to obtain analytic expressi
for the radial wave function and, in turn, for the dipol
transition moments. We have verified that wave functio
constructed in this way are in good agreement with m
accurate calculations of oscillator strengths, polarizabilit
and photoionization cross sections@24,25#.

The calculated ionization rates from the states 2s 1S0 and
4s 1S0 , produced by a probe laser of intensityI P , are
G2s,P513.4I P , G4s,P51.9I P . The dressing laser can onl
ionize the 4s 1S0 state; for an intensityI D we obtain the
ionization rate G4s,D573.7I D . We express intensity in
W/cm2 and rates, and shifts below, in s21.

The calculated Fanoq parameter for this LICS resonanc
is q50.73. The calculated Stark shifts produced by the pr
pulse areS2s,P59.0I P , S4s,P513.0I P , and the calculated
shifts produced by the dressing pulse areS2s,D570.0I D ,
S4s,D5142.0I D .

The dynamic polarizability includes contributions from a
other bound states and the ionization continuum. Because
coupling to bound states exceeds that to the continuum,
continuum gives only small contributions to these Sta
shifts. The polarizability is greater at the frequency of t
dressing laser than at the probe frequency, because the s
that contribute to the former summation are closer to re
nance. Because our dressing pulses are more intense tha
probe pulses~and the polarizability is larger at the dressin
frequency!, the Stark shifts originate primarily with th
dressing pulse.

The LICS, produced by an idealized cw laser~steady am-
plitude and single frequency!, can differ substantially from
the structure produced by a pulsed laser@16#. The time-
dependent Stark shifts produce time-dependent detun
from both one- and two-photon resonance. Our simulat

FIG. 3. Variation of the spectral position of the minimum of th
laser-induced continuum structure with the dressing laser inten
The dotted curve shows the calculated shifts of the ionization m
mum. Very good agreement with the experimental data is fou
The dashed curve shows the result of an analytical calculation
the Stark shift and power broadening for a short and weak pr
pulse.
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as in previous work@6#, not only includes pulse-shape effec
but also averages the experimentally characterized inten
fluctuations of both lasers, and models the spatial beam
file of the probe laser. These several variations have p
nounced effects on the predicted width and dip of the LI
profile.

It is appropriate to regard the action of the strong dress
pulse as embedding a 4s 1S0 resonance into the photoioniza
tion continuum. However, our modeling is not based up
this assumption; we treat both fields on an equal footing. I
the dressing and probe pulses together that produc
population-trapping state, superposing the 2s 1S0 and 4s 1S0
states.

DISCUSSION

The Fano parameterq of any resonance depends not on
on the wave function of the resonance state and the ass
ated continuum, but also on the particular observation ch
nel @13#. In our photoionization observations theq is basi-
cally the ratio of a Raman polarizability to the product of tw
dipole transition moments into the continuum. In syste
with uqu.1 ~such as the LICS withq53.7 as studied earlie
@21,22#!, the Raman-type transitions dominate. The ioniz
tion rate is enhanced, when tuning the probe laser ac
two-photon resonance, because Raman-type transitions
additional~multiphoton! ionization channels from the initia
state to the ionization continuum. Ifq50, no Raman-type
transitions are present, and no enhancement of ionization
be observed. The LICS revealed by scanning the probe
quency is then suppressed ionization.

In our experiment, for whichq lies in the range 0,uqu
,1, the possibility occurs for both enhancement and s
stantial suppression of ionization. The dip in the ionizati
profile demonstrates population trapping. Therefore, ob
vation of this feature depends critically on the coheren
properties of the lasers.

The energies of states 2s 1S0 and 4s 1S0 both undergo
dynamic Stark shifts. In our experiment the main contrib
tion to these shifts comes from the strong dressing pulse.
find that the energies of both states shift upwards as
intensity of the dressing pulse increases.

The center position of the ionization profile is direct
connected to the effective Stark shift of the two bound sta
The position of the ionization minimum and maximum, wi
respect to this center,~i.e., the profile width! is also affected
by pulse intensity~i.e., power broadening occurs!. The posi-
tion of the ionization minimum is measured with an accura
on the order of the probe-laser bandwidth~120 MHz!.

Our numerical calculations show that the positions of
characteristic features of the observed ionization struc
~minimum, center, or maximum! depend nearly linearly on
the peak intensity of the dressing laser. Figure 3 shows
experimental and theoretical values for the relative positi
of the profile minimum for a range of dressing pulse inte
sities. Theory and experiment agree within expected erro

CONCLUSIONS

We have observed strong spectrally narrow laser-indu
continuum structure in the photoionization continuum of h
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lium. Our example shows both enhancement and pronoun
ionization suppression~population trapping!, associated with
LICS, in an otherwise flat continuum. The narrow spect
width allows not only the use of this LICS as a spectrosco
tool, but also provides a basis for a stringent test of theo

The observed positions of the LICS were found to be
very good agreement with calculations based on a sim
model potential for the active electron. A more detailed
of observations and a discussion of analytical calculation
the LICS will be topics of future work, in which we wil
report in more detail the influence of intensity fluctuation
the spatial beam profiles, and the delay between probe
dressing pulse on the shape and bandwidth of LICS.
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