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Abstract
We have used a lifetime-resolved fluorescence technique to obtain the first
measurements of partial photoionization cross-sections of ground state neutral
helium with both N- and l-specific final ion state separation. Structure is
observed in the He 4lnl ′ doubly excited state regions and the resulting resonance
profiles and energy positions qualitatively compared to previously reported
theoretical calculations. Due to the sensitive nature of the N- and l-specific
partial cross-sections, states from the (4,−2)n series are observed for the first
time.

The doubly excited states of helium have long been of interest since the first observations [1, 2]
both experimentally and theoretically, particularly since becoming accessible to study in
tunable photoexcitation with the advent of synchrotron radiation sources in the 1960s [3].
Most recently there have been very high resolution experimental studies of the doubly excited
states observed in total ion yield [4–6] and fluorescence photon and metastable singly excited
atom yield [7–10] and their photoexcitation and subsequent decay has also been investigated in
an electric field [11]. A review of theoretical results is given by Tanner et al [12]. Most of the
recent studies have concentrated on the states in Rydberg series which converge on the ‘N = 2’
threshold, i.e. the threshold above which photoionization can produce He+ in an excited state.
There are 2N −1 ‘optically allowed’ 1Po series converging on each excited ion threshold of ion
state principal quantum number N , and for the lowest N = 2 threshold all of these have been
observed in photoion yield, VUV photon yield and metastable yield. Ultrahigh resolution
measurements [9, 10] have also recently revealed the importance of triplet states. States
converging on higher thresholds are more difficult to study since there are a larger number of
3 Author to whom any correspondence should be addressed.

0953-4075/03/190319+08$30.00 © 2003 IOP Publishing Ltd Printed in the UK L319

http://stacks.iop.org/JPhysB/36/L319


L320 Letter to the Editor

71 72 73 74 75 76 77 78 79

5lnl states

4lnl states

3lnl states

3 4 5 6 7 He++

to
ta

lf
lu

or
es

ce
nc

e
yi

el
d

energy eV

76.400 76.600 76.800 77.000 77.200 77.400 77.600

8
8

7
7

7

8 (7,3)
n

(7,5)
n

(6,2)
n

(6,4)
n

(5,3)
n

(5,1)
n

Figure 1. Total VUV fluorescence yield (see the text) from above the N = 2 threshold to the
double ionization potential at 79 eV. The various data sets have been scaled and shifted to roughly
preserve the observed relative yield. The inset shows a comparison with the theoretical energy
positions of Rost et al [22] in the N = 5–7 doubly excited states region.

series (which begin to overlap at N ≈ 5), and total ion yield measurements are hampered by
the large ion yield due to direct ionization. This direct ionization, however, predominantly
produces ions which are in the ground state and hence partial, final ion-state-specific
photoionization yield measurements are more sensitive to the autoionization of doubly excited
states. Recent experimental work (see [13–15] and references therein) detecting photoelectrons
reports partial photoionization cross-sections, separating final ion states with different N . This
photoelectron work, like recent theoretical approaches [16, 17], highlights the similarities of
lineshapes for autoionizations where the change in N is the same.

We present measurements here where we detect the VUV fluorescence produced when the
excited ion states decay. This method is inherently insensitive to photoionization to the ionic
ground state and, as we show below, information about the partial ionization cross-sections can
be obtained by a lifetime analysis of the fluorescence. Such an analysis can distinguish between
final ion states not only of different N , but also of different orbital angular momentum quantum
number l, something which is impossible to do using energy analysis of photoelectrons since
the energy resolution available is insufficient to distinguish between the closely spaced final ion
states of the same N but different l. The technique described here also has a large advantage
over dispersed fluorescence methods, which would have a much reduced detection efficiency
at the required resolution. A similar technique has been previously used to investigate the
populations of H(3l) produced in the photodissociation of H2 [18] and electron impact of
H [19], and also to probe H–H2 collisions [20].

Figure 1 shows a selection of our total VUV fluorescence measurements over the region
from the N = 2 threshold to above the double ionization limit. Similar measurements have
been reported previously [21]. The various data sets have been scaled to roughly represent
the actual relative yields, and the positions of some of the thresholds and doubly excited
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state regions are shown. The inset to figure 1 shows a data set recorded at a resolution of
approximately 5 meV in the region of the N = 5–7 doubly excited states, a region of interest
due to the appearance of perturbing states from series converging on higher thresholds (see
for example [14]). Also plotted are the theoretical energy positions of Rost et al [22] for
selected series of states. Compared to the total photoionization measurements of Domke et al
[4] the resonance profiles observed in fluorescence are different, and class-I series other than
the (N, N − 2) series are much more prominent. Throughout this letter we use the simplified
(N, K )n notation, where N and n represent the principal quantum numbers of the inner and
outer electron and K is the angular correlation number used by Lin [23]. In the ‘class-I, II, III’
series groupings used by Rost et al [22] the doubly excited states are described as belonging
to classes ordered by autoionization width; class-I series have the largest widths (e.g. the ‘+’
series in the N = 2 states), followed by class-II series with characteristic widths one to two
orders of magnitude lower. Class-II series are typified by the ‘−’ series of N = 2 doubly
excited states. Finally the class-III series are the most difficult to observe in photoionization
measurements since they have characteristic widths a further two or more orders of magnitude
smaller. The ‘2pnd’ states belong to this class and, whereas the N = 2 class-I ‘+’ and class-II
‘−’ series were observed in the 1960s, the class-III ‘nd’ series could only be observed with
the advent of millielectronvolt resolution in the 1990s.

It should be noted that the data shown in figure 1 are not exactly proportional to the total
photoionization yield excluding He+ ground state yield; also included is the signal due to the
production of metastable singly excited states via VUV fluorescence decay and only a fraction
of the 2s ion fluorescence is observed; these points are discussed further below. Also, for
a detailed interpretation cascade pathways must be taken into account; our detector is only
sensitive to VUV photons of energies above a few electronvolts.

In this letter we describe the further analysis of the data presented in figure 1 in the N = 4
doubly excited state region (73.3–75.6 eV) in which we separate out contributions due to
the fluorescence of the 2s, 2p, 3s, 3p and 3d states. While earlier work by Woodruff and
Samson [24] successfully separated the 2s and 2p ion state fluorescence using an electric field
technique, to our knowledge this is the first use of a lifetime-analysis technique to separate out
helium photoionization partial cross-sections.

The experiments were carried out at beamline 10.0.1 of the ALS (Advanced Light Source,
Berkeley, USA) with preliminary measurements made at BL16B of the Photon Factory
(Tsukuba, Japan). Helium gas from an effusive source was intersected by the photon beam,
and a micro-channel plate (MCP) detector assembly directly faced the gas needle such that
the detector was sensitive to VUV photons emitted perpendicular to the plane of polarization
of the incoming radiation, and also to long-lived excited helium atoms with internal energy of
over a few electronvolts. The direct detection of positive ions was suppressed by applying a
few tens of volts to a mesh in front of the detector assembly, and electrons were repelled by
the −2 kV applied to the MCP front plate. The electric field across the interaction region was
limited to a few tens of volts per centimetre. The signal from the MCP was passed through
a constant-fraction discriminator, and sent to the ‘START’ input of a TAC (time to amplitude
convertor). The ‘STOP’ input was a pulse derived from the RF signals which regulate the
synchrotron bunch structure, which in the ALS’s two-bunch mode has a period of 328 ns.
The TAC range was set to observe the whole 328 ns window between incoming light pulses;
the output voltages were recorded with a multi-channel analyser and a fluorescence profile
spectrum recorded for each incident photon energy step.

The timing signal in our detector consists of a prompt signal due to VUV fluorescence
which appears on a timescale of 0–10 ns after a synchrotron radiation light pulse superimposed
on a flat background of counts which appear time uncorrelated with the incoming light pulses.
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This flat background has a number of components, including VUV fluorescence from states
with lifetimes of the order of microseconds, and metastable helium atoms in long-lived (singly
excited) states with internal energies of 19.8–24.6 eV. The prompt signal appears as the
convolution of an ‘instrument function’ (which contains the shape and width in time (hundreds
of picoseconds) of the synchrotron radiation pulse and the response function of our electronics)
with exponential decay(s) due to the lifetimes of the fluorescing state(s).

Above the N = 3 threshold photoionization into the N = 1, 2 and 3 ion states is
energetically allowed. The VUV photon signal consists of lifetime components from both
the N = 2 (s, p) and 3 (s, p, d) states. All but the 2s state fluoresce preferentially directly to
the ionic ground state with lifetimes ranging from 0.1 ns (2p) to 9.7 ns (3s). The 2s state is
metastable with a lifetime of 2 ms. Although the 2s ions are travelling with thermal velocities
and leave the field of view of the detector on a timescale of microseconds, our detection
efficiency is enhanced by the weak electric field over the interaction region (up to a few tens of
V cm−1) and also by collisional de-excitation. Both of these effects are described by Woodruff
and Samson [24] and references therein. In our timing spectra the 2s fluorescence signal thus
appears in the flat time uncorrelated background. Also present in the flat background is a signal
due to metastable atoms; however, this is only prominent very close to thresholds, where the
density of states increases, autoionization rates decrease and metastable state production is
strongly enhanced [14, 25].

The prompt fluorescence signal can be described by a linear superposition of components
corresponding to each lifetime. Each component is the convolution of an instrument function
with an exponential decay, which can be approximated by Gale’s function [26] when the
instrument function is approximated by a Gaussian lineshape. To obtain good fits to the data
however we have found it necessary to use a measured instrument function, which we assume
to be represented by the response of our system to the 0.1 ns 2p fluorescence, shown in the
inset of figure 2. The main peak shape is approximately Gaussian, but is slightly asymmetric,
with half-widths at half-maximum of 0.31 and 0.39 ns, much broader than the 2p fluorescence
lifetime. Also visible are contributions from ‘bunch impurities’, where neighbouring bunches
in the synchrotron ring have not been completely emptied of electrons during the filling process.
While the signal from the largest of these bunches is around 300 times smaller than that from
the main bunch (note the logarithmic scale of figure 2), it is necessary to include them in our
analysis since in the tail of the exponential decay, short-lifetime (<1 ns) fluorescence from
the rogue bunches can be of a similar magnitude to long-lifetime (>1 ns) fluorescence from
the main bunch. In general this bunch structure is different from fill to fill of the synchrotron
storage ring, and so an instrument function needs to be recorded for each data set.

The circular data points of figure 2 show a timing spectrum recorded at 74.1 eV—above
the N = 3 threshold but below the N = 4 threshold. The dwell time for this data set was 8.5 s,
and the data correspond to one of the points in the spectra shown in figure 3. The thick solid
curve is a fit to the data with sums of convolutions of the instrument function with exponential
decays corresponding to the fluorescence lifetimes of the 2p (0.1 ns), 3p (0.3 ns), 3d (0.97 ns)
and 3s (9.7 ns) ion states. A very accurate measurement of the 2p lifetime is reported by Drake
et al [27], and for the other lifetimes we have taken the lifetimes of the corresponding states
in H adjusted for the helium ion [28]. Experimental values for some of the He+ lifetimes are
also available from beam–foil spectroscopy experiments [29, 30] and for the 2s state from a
decay-in-flight experiment [31]. The individual contributions from the four separate states are
plotted as thin solid curves in figure 3.

A rigorous analysis of our data should take into account cascade pathways. Cascade
photons with sufficient energy can be detected, and we have assumed in our analysis that there
is minimal detection efficiency for photons emitted in transitions between the excited ion states.
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Figure 2. The timing spectrum above the N = 3 threshold showing the contribution of the
N = 3 ion states. Solid curve: sum of four convolution functions; thin curves show the individual
contributions. The small hump near 31.5 ns is a bunch impurity in the unconvolved instrument
function, which is shown on its own in an inset.

The most important cascade contribution in this energy region is due to the 12% branching
ratio of the 3p state to the 2s state. The decay photon is of too low an energy to be observed
in our apparatus, but will produce a small component to our observed 2s yield. In the analysis
presented here this and other contributions have been ignored, although for experiments at
higher thresholds such analysis is likely to be essential.

We have recorded timing spectra at a range of energies between the N = 3 and 4
thresholds, covering the N = 4 doubly excited states region using an energy resolution of
around 15 meV. At each energy point we have removed a flat background corresponding mainly
to 2s fluorescence, and performed a fit to the remaining fluorescence profile to estimate the
partial cross-sections. The fits are performed using a maximum-likelihood technique [32, 33],
appropriate when the data are accurately represented by a Poisson distribution, as is the case
for our spectra.

Figure 3 shows the results of fits to the timing spectra over the energy region of doubly
excited states converging on the N = 4 ionization threshold. The graphs show two separate
data sets: one above and one below 75.2 eV. The higher energy data set corresponds to a
longer accumulation time, and hence the fits to the lifetime profiles are more precise. Above
the N = 4 threshold at 75.6 eV the fitting procedure is no longer valid due to the contribution
of N = 4 ion fluorescence—this is seen as a large step in the fitted yield of the 3s and 3d
components. Also shown are the theoretical calculations of Sánchez and Martı́n [34] for each
of the final ion state channels. Visible in the 2s fluorescence yield is a peak at the N = 4
threshold due to metastable state production, similar to the large peak observed below the
N = 2 threshold [7, 9], and previously observed at this threshold by Sokell et al [35]. It is
expected, however, that any metastable state production at doubly excited state energies below
threshold would be unobservable on the background of 2s ion fluorescence. A method purely
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Figure 3. Resonances in the fluorescence yield due to doubly excited state autoionization: N = 4
states. Full curves show the calculations of Sánchez and Martı́n [34] and the theoretical energy
positions of the three class-I series of Rost et al [22] are also shown.
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sensitive to metastable singly excited atoms would require the quenching of the 2s state using
an electric field or microwave field tuned to the 2s–2p transition to force the 2s ions to decay
on a timescale similar to that of the 2p ion state fluorescence, thus clearing the timing window
of VUV photon yield.

In the N = 4 doubly excited state region there are three ‘class-I’ [22] series, only two of
which are observed in the total photoionization measurements of Domke et al [4]. Due to the
sensitive nature of partial cross-section measurements all three series are visible in figure 3,
including the previously unobserved (4,−2)n series. We see no evidence for the observation
of the narrower class-II and class-III states, although higher quality data may reveal these states
as resonances in the partial cross-sections.

The y-axes of figure 3 correspond to the magnitudes produced by the fitting procedure
at each energy, and to some extent represent the relative partial cross-sections for production
of the various final ion states. It should be noted that the statistical error in the partial cross-
sections includes not only the contribution inherent to any counting experiment, but also that
due to the fitting procedure. Due to the similarity in lifetime of the 2p and 3p states this
fitting-procedure-related error is largest for the 3p trace. A more accurate determination of the
relative yields will require more detailed analysis, accounting for cascade effects and relative
detection efficiencies. In particular the detection efficiency of the 2s fluorescence is weakened
by its long lifetime, as noted earlier.

In summary we have developed a technique for obtaining partial photoionization cross-
sections by using lifetime-resolved fluorescence and applied it to measuring the partial
photoionization cross-sections of helium in the N = 3 and 4 doubly excited states regions. We
have observed states which are unobserved in total photoionization measurements. Further,
more detailed experiments with higher resolution and/or improved statistical precision will
enable a more accurate comparison with resonance parameters obtained from theory.

Extension of the technique to states converging on higher thresholds is in principle
possible, but may be hampered by the high quality of the data required to accurately fit to
the increasing number of lifetimes and cascade pathways. An alternative would be to combine
our technique with either dispersing the fluorescence, or in-coincidence detection of energy-
resolved scattered electrons.
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