
PRL 96, 093001 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
10 MARCH 2006
Detection of the 1Pe Series of Doubly Excited Helium States belowN � 2 via the Stark Effect
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The Stark effect on the doubly excited states of helium below the N � 2 threshold has been studied by
vacuum ultraviolet fluorescence yield spectroscopy. Two new series of states are observed at moderate
fields (< 10 kV=cm), and assigned to the previously unobserved even 1Pe series, and a group of 1De

series. The 1Se states are observed indirectly via their mixing with nearby 1Po states. The observations at
moderate field contradict theoretical predictions that field strengths about an order of magnitude greater
are necessary to observe the Stark effect on He doubly excited states at low quantum numbers.
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The helium atom is the simplest three body system that
is both calculable and experimentally manageable, so that
it is a benchmark system for both experiment and theory,
and there exists a vast body of literature related to its
interaction with electromagnetic fields. The effects of
static electric fields on singly excited helium were studied
long ago [1], and more recently [2] using synchrotron
radiation. Studies of the doubly excited states of helium,
which lie in the Extreme Ultraviolet spectral range, have
deepened our understanding of correlation in the excited
helium atom, from the early observation by Madden and
Codling of two of the dipole allowed 1Po series [3], to the
characterization of all three series [4]. More recently in-
vestigation of the photon induced fluorescence spectra
(PIFS) and metastable decay channels [5–10] has shown
the importance of radiative decay, and relativistic effects
which invalidate the LS coupling scheme close to
threshold.

Many predicted doubly excited states of helium are not
accessible by simple photoabsorption, but it is of great
fundamental interest to verify experimentally their exis-
tence and theoretical energies. The energies of singlet and
triplet S, P,D, and F doubly excited states of He below the
N � 2 threshold have been calculated by Lipsky et al. [11],
Liu et al. [12] and Chen [13] (and references therein).
There are ten singlet S, P, and D series below N � 2:
two 1Se, three 1Po, one 1Pe, one 1Do, and three 1De series.
To date the three optically allowed 1Po series [3–7,9,10]
have been studied, as well as some members of the 3Po and
3Do series [8]. The first term of the 1De

2 series has been
detected in angle resolved photoelectron spectra [14], and
some of the low lying terms with n � 5 of 1Se, 1;3Po, and
1De

2 series have been studied by electron scattering [15,16].
However none of the six even series can be observed in
simple photoabsorption due to the selection rule requiring
a parity change.

Forbidden states of even parity can be made Stark
allowed in an electric field, but detailed examination of
06=96(9)=093001(4)$23.00 09300
the Stark effects on these doubly excited states is just
beginning [17–20]. Chung et al. [17] estimated that field
strengths of about 50 kV=cm were necessary to observe
effects on doubly excited resonances below N � 2 and for
n � 6, and this estimate appears reasonable: fields up to
500 kV=cm were employed to induce Stark effects in the
related three body system, the hydrogen negative ion [21].
Harries et al. [19] observed strong Stark mixing of the
doubly excited states of He at fields up to 84 kV=cm,
supporting this estimate. They measured the ion yield of
the autoionizing states over a narrow energy range (near
n � 6) and found complex spectra with many more states
Stark mixed than predicted by theory. In this and the work
cited above, individual members of series of even states
were observed but no complete characterization of a series
was reported.

In this Letter, we report the PIFS spectra of doubly
excited He states over a wide energy range up to N � 2,
and we identify a new, theoretically predicted series of
doubly excited states. The spectra are considerably simpler
than the ion yield spectra reported by Harries et al. near
n � 6, and cover a wider range (from n � 5 up to thresh-
old). Moreover, the field strengths used are an order of
magnitude smaller than expected, or used in the recent
study.

The experiments were performed at the Gas Phase
Photoemission beamline, Elettra, Trieste [22], with the
photon resolution set to between 2 and 3.5 meV, and the
fluorescence yield spectra were measured with an yttrium
aluminum perovskite scintillator and photomultiplier de-
tector [23]. The advantages of the PIFS method are: the
Lorentzian rather than Fano profile allows better resolution
of closely spaced lines; emitted photons are not influenced
by electric fields; and the sensitivity to some series is
enhanced with respect to electron or ion detection. Zero
field ion yield spectra for calibration were taken simulta-
neously with all fluorescence yield spectra. Photon ener-
gies were calibrated to the values of Domke et al. [24], in
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particular, the �5;�1�0 1Po state is at 64.907 eV [the
notation �n; K�A follows Ref. [25] ]. The pressure for
vacuum-ultraviolet (VUV) yield spectra was typically 3�
10�2 mbar, and electric fields F were applied by two
parallel, graphite coated stainless steel plates separated
by 5 mm (� 2%). The synchrotron light was linearly
polarized and emission was detected perpendicular to F.

VUV fluorescence yield spectra taken with F parallel to
the polarization vector of the light P are shown in Fig. 1.
The VUV yields of the �n; 1�� 1Po and �n;�1�0 1Po states
are reduced by the electric field, even for values of F as low
as 0:5 kV=cm, and n � 5; 6 [Fig. 1(b)]; the decrease is
greater for the �n;�1�0 series. At higher values of n, new
intensity appears above the �n; 0�� 1Po states; two ex-
amples are indicated in Fig. 1(a) by arrows. Figure 2 shows
fluorescence spectra with F perpendicular to P. The zero
field spectrum resembles that of Rubensson et al. [6], and
when a low field F is applied, the spectrum changes
dramatically at higher quantum numbers; for example,
for 3 kV=cm and n > 11, most peak intensities increase
substantially. Two new series of states appear, and the first
(labeled ‘‘1’’) is present for F> 3 kV=cm and n > 6, and
appears between each �n� 1;�1�0=�n; 1��1Po pair and
the following �n; 0�� 1Po state. The second, labeled ‘‘2,’’
appears just above the �n; 0�� 1Po series, and rapidly
merges with it; this series is most pronounced for n > 9.
It does not appear to be a single series because the peak is
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FIG. 1 (color online). (a) Partial fluorescence yield spectra of
helium belowN � 2 with F parallel to P. Spectra are normalized
to the increase in fluorescence at the N � 2 threshold.
(b) Enlarged view of first 5 states.
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asymmetric and about 9–10 meV wide, much broader than
the 1 states or the field-free spectral features. The energies
of both series do not change measurably (<1 meV) with
field, so that the field-free energies of the states are equal to
those with field applied. In Fig. 3 the intensities of three
states have been normalized to the integrated intensity of
the �5;�1�0=�6; 1��1 1Po doublet at lower energy, as this is
not expected to change substantially with field as shown
below.

To determine the quantum defects of these states we first
fitted the energy positions of the �n; 0�� 1Po series without
field, and obtained a quantum defect of �0:19� 0:005,
slightly different from the value of �0:18 obtained by
Penent et al. [8]. The quantum defect of the states labeled
1 is�0:435� 0:005, which agrees very well with the value
�0:439 76 of Lipsky et al. [11] for the n � 7 member of
the 1Pe a series [in the present notation, the �7; 0�� 1Pe

state]. For lower members of the series the calculated
absolute value of the quantum defect is slightly smaller.
No other singlet states have similar quantum defects so we
assign the states labeled 1 to the 1Pe series, and discuss this
further below.

For the second series, labeled 2, more calculations are
available. For instance, Chung et al. [17] have calculated
that in an interval of 40 meV above the �6; 0�� 1Po state
there are many high angular momentum even states (up to
l � 6). Chen [13] calculated the S, P, and D but not the
higher angular momentum series and placed the �6; 0�0 1De

and �6;�1�0 1De state at 21 meVand 38 meV, respectively,
above the �6; 0�� 1Po state. Extrapolating these calcula-
tions, at n � 10 the energy interval shrinks to less than
10 meV suggesting the assignment of this broad feature to
these two 1De series and possibly higher angular momen-
tum, Stark allowed (even) states.

We have repeated the calculations [11] with a larger
basis set to obtain reliable energies of the 1Se, 1Pe, 1De

doubly excited states up to n � 10. The relatively weak
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FIG. 2 (color online). Partial fluorescence yield spectra of
helium below N � 2 with F perpendicular to P. New features
are labeled 1 and 2.
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FIG. 4 (color online). Comparison of experimental (dotted
line) and calculated (solid lines) primary fluorescence spectra
of unperturbed 1Po, 1Pe, and 1De states of He. F � 5 kV=cm, F
perpendicular to P.
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FIG. 3 (color online). Integrated intensities of the Stark in-
duced states labeled 1 in Fig. 2, assigned to the �n; 0�� 1Pe

series. Solid line: calculated intensity using parameters an
�kV=cm�2: 0.012, 0.029, 0.063 and cn �kV=cm�2: 1, 2.4, 5.4,
for the n � 8; 9; 10 1Pe states, respectively. (cn has been nor-
malized to 1 for n � 8).
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field F and limited set of low n states justify a first order
approach to modelling the results, except for the high lying
1Se states which are nearly degenerate with the 1Po states.
The perturbation term in the Hamiltonian is F 	 �r1 � r2�,
so that only the three above-mentioned even parity multip-
lets gain an admixture of the dipole allowed 1Po symmetry
states. The matrix elements of perturbation between the
zero order states are governed by the same dipole selection
rules as photoabsorption. Moreover, selection rules allow
�M � �1 transitions for absorption of linearly polarized
light if P is perpendicular to F [2], and �M � 0 transitions
if it is parallel. Since the mixing coefficient of the allowed
1Po component is nonzero only for the M � �1 compo-
nents of the perturbed 1Pe state, these considerations ex-
plain the absence of this series in the measurements with
the parallel setup, as well as the insensitivity of the
�5;�1�0=�6; 1��1 1Po doublet intensity to the electric field
strength in the perpendicular setup. On the other hand, 1Se

states (M � 0) are excited only if P is parallel to F. The
1De series is expected to be excited in both geometries with
similar probability as also seen in the experimental spectra.

The calculated oscillator strengths of the perturbed even
states were multiplied by the corresponding fluorescence
decay branching rates of the unperturbed states [26] to
estimate their primary VUV yield for the perpendicular
geometry, Fig. 4. The result for the 1Pe series is compared
to the primary fluorescence yields of the three unperturbed
1Po series [27] and shows that the expected intensity of the
VUV photon yield from the 1Pe series is comparable to the
intensity of the newly observed series. The fluorescence
yield method is particularly adapted for the observation of
the 1Pe series for the following reason. Because of parity
conservation, these unperturbed states belowN � 2 cannot
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decay by autoionization and do so only by fluorescence to
singly excited 1Po states which decay by further fluores-
cence [27]. Thus, for weak fields the 1Pe fluorescence cross
section is approximately equal to the 1Pe photoabsorption
cross section. The situation is different for states of 1Se and
1De symmetry because some of them are strongly auto-
ionizing (quantum label A � �) [28], so that the calcu-
lated photoabsorption cross section gives only an upper
estimate of the fluorescence cross section.

The Stark effect at low field does not reduce oscillator
strength, but only transfers some of it from allowed zero
field transitions to energetically close forbidden transitions
[2,17]. This redistribution of the oscillator strength induces
the fluorescence signal from 1Pe states in the perpendicular
geometry. In addition, the branching ratios for decay chan-
nels (fluorescence and autoionization) may change as a
function of the applied field. We observe that the measured
VUV yield of the 1Pe state increases with the field strength
F; according to first order theory the oscillator strength of
these states increases as cn F2, where cn is a state specific
parameter independent of F. The observed nonlinear trend
can be explained if we take into account that the Stark
effect not only mixes dipole character with the 1Pe states,
but also changes the decay character by influencing their
autoionization or fluorescence branching ratio [20]. Since
the autoionization decay rate �an of the nth 1Pe state is also
proportional to F2 the fluorescence yield of this state, Yn is
related to the field strength by

Yn / cnF2=�1� anF2�: (1)

The parameter a an � �an=��
f
nF2� does not depend on F

because the fluorescence decay rate �fn of the nth state can
1-3
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be approximated well by the zero field value of 10 ns�1 at
low field [28]. After the initial quadratic dependence, the
VUV yield enters a linear regime and finally levels off at
higher field strengths. As shown in Fig. 3 the dependence
of the VUV yield on field strength, and the variation of the
constants cn and an calculated for the perturbed states is in
reasonable agreement with the observed trends for the
three n � 8–10 1Pe states and the field induced 1Pe fluo-
rescence is observed in the intermediate region. At high
field strengths where saturation occurs, the first order
perturbation scheme may no longer apply, while the detec-
tion of the initial quadratic dependence of the 1Pe yield is
hindered by the signal to noise ratio.

We believe that a similar mixing effect causes the spec-
tral changes observed in the parallel geometry (Fig. 1). A
decrease of the VUV yield from slowly autoionizing
�n; 1�� 1Po and especially �n� 1;�1�0 1Po states can be
explained by a small but increasing admixture of a strongly
autoionizing �n� 1;�1��=�n; 1�� 1Se doublet in the vi-
cinity, which is photoexcited only when P is parallel to F.
An increase in the branching ratio for the fluorescence
decay channel may be the reason for the enhancement of
the intensity in the states just below the IP.

With regard to the 1De states, the calculations of oscil-
lator strengths show that all three series, �n; 1��, �n; 0�0,
and �n;�1�0 are excited, but the first is most strongly
excited, in agreement with propensity rules for doubly
excited states in an electric field [20]. However, the VUV
yield mainly originates from the two A � 0 states [26] due
to their much larger fluorescence to autoionization branch-
ing ratio. The presence of both peaks explains the width of
the spectral features in Figs. 1 and 2. As noted above within
a first order perturbation scheme, the assignment to 1De

states is correct, but for higher order perturbation (larger F
or higher n), higher angular momentum components may
also be present.

We have not discussed here the intensity of �n; 0�� 1Po

series, because this signal is subject to spurious effects. At
these resonances there is substantial decay by autoioniza-
tion so that the ion yield changes significantly with respect
to the continuum yield. Part of the intensity increase with
increasing field is due to fluorescence generated by colli-
sions of charged particles. At high fields and especially in
the perpendicular configuration, it can dominate the yield
and generates a signal that follows the autoionization
signal (a Fano profile). However, this effect is negligible
for the other resonances, for which the autoionization
decay is expected to be at least 100 times less probable
than fluorescence.

In conclusion we have observed the 1Pe Rydberg series
of doubly excited helium below the second ionization
threshold, as well as features assigned to more than one
1De series. A decrease of the VUV yield from �n;�1�0 and
�n; 1�� 1Po states in the parallel geometry is interpreted as
an indication of the presence of energetically close and
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strongly autoionizing 1Se states. 1Se, 1Pe, 1De states be-
come Stark allowed in moderate fields (several kV=cm),
but the Stark shift was below 1 meV. Partial VUV fluores-
cence detection is a sensitive method for detecting these
states, which can be observed at much weaker fields than
expected.

We thank our colleagues at Elettra for support, particu-
larly H. Farrokhpour, M. Afsar, and M. Danailov; and J.-E.
Rubensson and coauthors for communicating results prior
to publication.

Note added in proof.—A very recent study of the Stark
effect has also been carried out by Såthe et al. [29] in the
parallel geometry and for higher quantum numbers. Where
comparison is possible, the data were generally in agree-
ment with the present results.
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