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Absolute Photoionization Cross Sections of Excited He States in the Near-Threshold Regio
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The absolute photoionization cross sections of the excited, short-lived Hep 1s2p 1P and 1s3p 1P
states are determined experimentally in the region close to the He1 1s 2S threshold (from 0 to 2 eV).
The intermediate Hep states are prepared by photoabsorption of a high-order harmonic of an intense
picosecond tunable laser and subsequently ionized by absorption of photons of several fixed frequencies,
ranging from the near infrared to the ultraviolet. Our experimental results quantitatively confirm earlier
theoretical work. [S0031-9007(99)09309-6]

PACS numbers: 32.70.Fw, 32.80.Fb, 42.65.Ky
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The simple two-electron helium atom represents one
the showcase systems for the study of photon-atom int
action, and, in particular, of photoionization processes (f
a review, see Ref. [1]). The direct ionization of ground
state He has been studied extensively and the photoioni
tion cross section is very well understood theoretically an
experimentally [2]. Other recent examples underlinin
its model character deal with interference effects in two
electron excitations [3], circular dichroism in the double
photoionization [4,5], new Rydberg series and resonanc
in doubly excited He [6], or photoionization and Compton
double ionization up to photon energies of 20 keV [7].

Much less is known about photoionization ofexcited
He atoms. Apart from early attempts on metastable Hp

(2s 1S) and (2s 3S) [8], as well as on the short-livednp
1P andnp 3P states (n  3 5) [9,10], the knowledge of
the photoionization of excited He states, especially of th
energy-dependent cross section, has progressed only
theoretical efforts (e.g., [11,12], and references therein
This lack of experimental data is caused mainly by th
high excitation energies (.20 eV) necessary to optically
pump the excited states of helium, which are difficu
to reach with conventional laser systems. Althoug
techniques using synchronized synchrotron light and las
pulses are promising [13], the number of excited H
atoms obtained remains too low to perform the kind o
measurements presented in this manuscript.

The remarkable advance in the development of hig
power short-pulse laser systems during the past deca
has led to a new extreme-ultraviolet (XUV) photon sourc
based on the generation of high-order harmonics of
intense laser pulse in a rare gas jet [14]. High-orde
harmonic generation provides coherent, linearly polarize
XUV light in short pulses of high brightness, which
opens new experimental possibilities, especially relate
to studies of time-dependent processes. Recently, h
harmonics of a picosecond laser system have been use
measure the (subnanosecond) lifetimes of excited states
helium and carbon monoxide [15,16].
0031-9007y99y82(23)y4607(4)$15.00
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In this Letter, we report on the first experimenta
determination of the energy dependence of the phot
ionization cross sections for the Hep 1s2p 1P and Hep

1s3p 1P excited states, in the region close to the He1

1s 2S ionization threshold. The short-lived1P states
are populated by absorption of high-order (13th o
14th) harmonics of an intense picosecond tunable las
system and subsequently ionized by a probe laser w
variable pulse energy and frequency. The photoion
ization cross section of the excited Hep 1s2p 1P state
is measured to be 16.6 Mb (1 Mb  10218 cm2) close
to threshold and 6.6 Mb at about 1.3 eV above it, in
good agreement with theoretical calculations [12,17
This strong decrease of the cross section in the nea
threshold region is even more pronounced for the phot
ionization of the Hep 1s3p 1P state. At threshold, the
cross sectionss3pd is about 1.5 times higher thanss2pd,
but becomes of similar value at higher photon energ
This energy-dependent behavior reflects the spatial exte
sion of the excitedp-orbitals and emphasizes thereby on
basic aspect of cross-section measurements.

The two-photon pump-probe excitation scheme is de
picted in Fig. 1. In a first step, ground state He atoms a
resonantly excited to the Hep 1s2p 1P1 or the Hep 1s3p
1P1 states. In a second step, the outer electron is pr
moted to the He1 1s 2S continuum by a probe laser pulse.
By varying the frequency of the probe laser, electrons o
different kinetic energies are produced and different re
gions of the photoionization continuum are investigated
Since in the present study only one continuum (He1 1s
2S) can be reached with the photon energies used, the d
tection of He1 ions is completely equivalent to electron
detection, and the measured number of He1 ions reflects
directly the photoionization cross section in the invest
gated near-threshold region.

Part of the experimental setup has already been d
scribed elsewhere [15] and only a brief description wil
be given here. As shown in Fig. 2, the setup include
two different optical pathways starting from the sam
© 1999 The American Physical Society 4607
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FIG. 1. Energy diagram of atomic helium showing schema
cally the two-photon excitation pathways used for the photoio
ization of the Hep 1s2p 1P and Hep 1s3p 1P excited states.

primary 1064-nm-wavelength Nd-YAG laser, operating a
a 10 Hz repetition rate. One beam is frequency doubl
and used to pump a distributed feedback dye laser o
cillator which provides a tunable source of 70 ps pulse
in the near-infrared range. These pulses are then am
fied up to a mean energy of about 30 mJ. Finally, the
are focused into a krypton gas jet to generate the hig
order harmonic radiation. A spherical grating selects o
harmonic order and focuses this radiation in the cent
of the experimental chamber. A slit placed before th
experimental chamber allows us to eliminate the oth
harmonic orders and the fundamental beam. In order
excite the Hep 1s2p 1P resonance at 21.22 eV (58.4 nm)
the 13th harmonic of the dye laser tuned at the waveleng
760 nm is selected. For the Hep 1s3p 1P resonance at
23.09 eV (53.7 nm), the dye laser is tuned at the wav
length 752 nm and the radiation is frequency double
before being sent into the Kr jet. The 7th harmonic o

FIG. 2. Experimental setup for the measurement of photoio
ization cross sections from excited states in helium.
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the frequency-doubled light (i.e., the 14th harmonic of th
fundamental) is selected. The temporal width of the ha
monics is measured to be about 30 ps [14] and the ba
width, measured by detecting the number of ions (for
given probe energy and frequency) as a function of t
dye laser wavelength around the1s2p or 1s3p resonance,
is 0.005 nm (DEph  2 meV, DEphyEph  1024). The
relatively narrow bandwidth of the harmonics ensures
efficient population of the resonant states, since the wid
of the transition is limited by Doppler broadening (abo
0.15 meV). The number of harmonic photons per pul
in the interaction chamber is estimated to be107.

The other Nd-YAG beam is used to generate visib
and UV photons for the ionization step, at wavelengt
532 nm (2nd harmonic), 355 nm (3rd), and 266 nm (4t
by frequency upconversion in KDP crystals. The prob
laser energy can be varied between severalmJ up to 1 mJ
which corresponds to about1012 to 1015 photons per pulse
in about 70 ps duration. In addition, to ionize the Hep

1s3p excited state close to the threshold, the fundamen
of the dye laser can be split into two beams, one used
generate the pump harmonic beam and the other used
probe. This additional probe beam is not shown in Fig.

The two light beams intersect at an angle of 45± in the
center of the experimental chamber. They are linea
polarized, with the same polarization, set to be vertic
(perpendicular to the plane of Fig. 2). The relative del
between the pump and probe pulses can be controlled
varied by an optical delay line. During the measuremen
it is set toDt  250 ps in order to separate excitation an
ionization steps. Both pump and probe pulses used in
experiment are sufficiently short so that the spontaneo
decay of the excited states [ts2pd  0.57 ns andts3pd 
1.7 ns], during the excitation and ionization process, c
be neglected. He gas of high purity is introduced in
the experimental chamber by a synchronized pulsed
nozzle. The produced ions are collected from the sou
volume by a high extraction field and mass analyzed in
conventional field-free time-of-flight spectrometer (place
perpendicular to the plane of Fig. 2). The energi
of the probe and pump pulses are monitored for ea
laser shot using a photodiode and an electron multipli
respectively.

Our determination of the absolute photoionization cro
section is based on the saturation of the ionization s
[18] (see below) and requires the measurement of
probe energy as well as the characterization of the spa
profiles of both pump and probe beams in the interacti
region. The determination of the probe energy is do
by calibrating the photodiode in absolute value usin
a power meter and by accounting for the transmissi
of the quartz window at the exit of the chamber. Th
uncertainty in the energy determination is estimated
615%, mostly owing to a nonuniform transmission o
the quartz window, and can be easily improved in futu
measurements. To characterize the probe spatial pro



VOLUME 82, NUMBER 23 P H Y S I C A L R E V I E W L E T T E R S 7 JUNE 1999

)
th
re,
in

e
h
the
the
at

on
e
re

ht

e
e
.
y

he
he
–
e

c-

-
tic

–
re
ns
in
In
ly
be

els

o

-

gy,
and
ty
a beam splitter is placed before the vacuum chamber (s
Fig. 2) and a small fraction of the probe beam is used
reproduce its spatial profile at the center of the chamb
on a CCD camera. To determine the spatial profile of th
pump beam, we measure the number of ions produced (
a given probe) as a function of the vertical position of th
lens used to focus the probe beam. The curve obtain
is proportional to the convolution of the probe and th
pump spatial profiles. Typical values for the beam rad
are about 100mm and500 mm for the probe and pump
beam, respectively.

A typical experimental result obtained for Hep 1s2p
with a probe wavelength of 355 nm is presented in Fig.
The number of ions is reported as a function of th
probe energy. Each data point represents the integrat
over about 12 000 laser shots. The ion signal vari
first linearly with the probe energy (see dashed line
and then saturates, because the ionization probability
the interaction region is close to one. Because of t
relatively low number of photons in the pump beam, th
excitation step in the present experiment is always f
from saturation. The number of ions produced is equal
NHe1 

R
rHe1 dV , where the ion densityrHe1 reads as

rHe1  rHesexcRpumpe2Dtyts1 2 e2sionRprobe d , (1)

whererHe represents the neutral atom density,sexc (sion)
the excitation (ionization) cross section,Dt the time
delay between pump and probe pulses,t the lifetime of
the intermediate state, andRpump (Rprobe) the number
of photons per cm2 for the pump (probe) beam. For a
given, constant pump energy, the saturation of the io
signal depends only on the productsionRprobe. In ideal
experimental conditions, where the probe beam would
much larger than the pump beam, so thatRprobe could
be considered as constant in the interaction region, t

FIG. 3. Recorded number of He1 ions as a function of the
energy of the probe laser. The He atoms are prepared in
Hep 1s2p 1P excited state, and the probe laser is set to
wavelength oflP  355 nm. The dashed line indicates the
linear, unsaturated regime. The solid line represents a fit
the experimental data using a three-dimensional integration
discussed in the text.
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cross sectionsion could simply be determined by fitting
a curve (1 2 e2xRprobe ) (x being the unknown parameter
to the experimental data. However, in our conditions, bo
beams vary in space over the interaction region. Therefo
we have to perform a three-dimensional integration
space ofRpumps1 2 e2xRprobe d. In this expression,Rprobe
must be known exactly, but only the variation in spac
of Rpump is needed. Knowing the spatial profiles of bot
pump and probe beams, as well as the energy in
probe beam, this procedure allows us to determine
photoionization cross section in absolute value. Note th
the number of ions continues to increase as a functi
of the probe energy, even far into the saturation regim
(see Fig. 3). This is because the spatial region whe
ions can be produced and collected by the time-of-flig
spectrometer increases.

The experimental results for the determination of th
absolute photoionization cross section of the excited Hp

1snp 1P (n  2, 3) states are summarized in Table I
In addition to the 15% uncertainty in the probe energ
determination, we estimate the uncertainty due to t
spatial profile measurements to be about 10%. T
statistical error on the fits is typically of the order 15%
20%, resulting in a total uncertainty of about 25% for th
determination of the cross section.

Theoretical calculations of photoionization cross se
tions usually present the total,isotropic, cross section
s

ISO
ion , obtained for an isotropic target ionized by unpo

larized light (such that transitions between the magne
sublevels Dm  0, 61 are allowed). Figure 4 shows
theoretical results obtained using aB-spline-based con-
figuration interaction calculation [12] (solid line) and
those obtained by using a multiconfiguration Hartree
Fock method [17] (dashed line). Both calculations a
practically superposed, which indicates that calculatio
of photoionization cross sections of excited states
helium have reached a high degree of accuracy.
our experiment, however, both light pulses are linear
polarized and the polarization vectors are chosen to
parallel. Only transitions between the magnetic sublev
Dm  0 are allowed under these conditions. The Hep

1snp 1P excited states can be ionized towards tw

TABLE I. Experimentally determined absolute photoioniza
tion cross sectionssion for the Hep 1s2p 1P and Hep 1s3p
1P excited states as a function of the excess photon ener
defined as the difference between the probe photon energy
the ionization energy of the excited state. The total uncertain
for sion is estimated to about 25%.

lprobe snmd Eexc seVd sion sMbd

Hep 1s2p 1P1 355 0.12 16.6
266 1.29 6.6

Hep 1s3p 1P1 752 0.15 24.4
532 0.83 10.5
355 1.99 4.2
4609
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FIG. 4. Photoionization cross section of Hep 1s2p 1P (a) and
Hep 1s3p 1P (b) as a function of the excess energyEexc.
The symbols (“±”: present work; “≤”: Ref. [9]) represent the
experimental values, the lines (solid [12]; dashed [17]) are t
theoretical isotropic cross sections, the dotted-dashed line
the theoretical cross section ([12]) modified to account for tw
photon excitation with parallel (linear) polarization.

ionization continua corresponding to outgoing´s and´d
waves. The cross sectionsPARA

ion corresponding to our
experimental conditions can be derived from the isotrop
partial cross sectionssISO

s and s
ISO
d by elementary

angular algebra or by density matrix formalism [19
as s

PARA
ion  3sISO

s 1 6y5s
ISO
d . (The isotropic cross

sections
ISO
ion is equal to the sumsISO

s 1 s
ISO
d .) The theo-

retical cross sections for parallel polarizations, obtained
using the (isotropic) partial photoionization cross sectio
of Ref. [12] and applying the above formula, are shown
a dotted-dashed line in Fig. 4. This curve can be compa
directly to our experimental results (open symbols),
well as to the experimental measurement of Dunning a
Stebbings atEexc  0.95 eV, (solid symbol) using similar
polarization conditions to ours [9]. The agreement
excellent. Our experimental data confirm clearly th
theoretical predictions of a stronger energy dependen
for sions3pd than for sions2pd in the investigated near-
threshold region. This tendency is predicted to contin
4610
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for higher Hep 1snp (n . 3) excited states [12] and
reflects the increasing spatial delocalization of the excit
electron.

In conclusion, we have determined experimentally t
absolute photoionization cross sections from the Hp

1s2p 1P and Hep 1s3p 1P excited states in the near
threshold region. The use of synchronized short las
pulses in a pump-probe arrangement allows us to ov
come the experimental problems related to measureme
on short-lived intermediate states. This method can e
ily be extended to other atomic or molecular systems, a
can be improved to yield more precise measurements.
nally, we can vary the relative polarization of the tw
beams, which should enable the determination of par
photoionization cross sections.
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