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Quenching of the 2pnd 'P° doubly excited states of helium by a dc electric field
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The fluorescence yield quenching of low-lying doubly excited 2 pnd 'P? states is observed to depend strongly
on a dc electric field strength and its orientation with respect to the polarization of the incoming photon beam.
The reduction of the yield accompanied by the lifetime shortening is attributed to the Stark mixing with the
neighboring 2sns 'S¢ states, which redirects the 2pnd 'P° decay to the prompt autoionization channel. For
n > 4, the lifetimes decrease from several hundred picoseconds down to several tens of picoseconds when
an electric field in the kV/cm range is applied parallel to the photon probe polarization. Practically no lifetime
change is observed for polarization perpendicular to the electric field direction. The results of the complex-scaling

calculations are in a good agreement with the experimental data.
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I. INTRODUCTION

Helium doubly excited states are a test bed for electron
correlation studies in three-body systems. After the culmina-
tion of high-resolution photoionization studies in the 1990s
[1,2], the observation of the fluorescence decay channel [3,4]
has triggered new experimental possibilities. Besides direct
spectroscopic investigation of the corresponding emission
in the vacuum ultraviolet (VUV) and in the visible energy
range [5-7], an extremely efficient detection of metastable
helium atoms made it possible to quantify the violation of
the L S-coupling approximation in helium [8—12], and effects
of homogeneous magnetic [13] and electric fields [14—16] on
doubly excited states (DES) below N = 2 ionization threshold
were investigated.

For the majority of the DES, the direct spectroscopic deter-
mination of the natural linewidths and of the tiny, field-induced
line shifts is not possible because, at present, the energy
resolution of photon sources in the VUV region cannot reach
the required peV range [17]. On the other hand, the resonance
lifetime variations of the order of tens of picoseconds can
readily be observed in the time domain by relying on the
pulsed structure of the synchrotron light sources. The time-
resolved fluorescence detection was employed to study the
2pnd 1po DES series [18-20]. The successful measurements
of ~200-ps-long lifetimes under single-bunch synchrotron
operation initiated time-resolved studies in the multibunch
operation mode to increase the experimental efficiency. In
general, below the N = 2 threshold there are two Is¢  three
P, one 'P¢, one 'D?, and three 'D¢ Rydberg series. From
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these in the field-free case only the three 'P? series are dipole
allowed. In the nonzero electric field environment neither the
total angular momentum L nor the parity 7 are good quantum
numbers anymore. As a result, the above-mentioned series are
allowed to mix. Because this is in the presence of an electric
field, the signal of the so-called “dark” (dipole-forbidden)
2pnp P states (n = 7-10) was observed in the fluorescence
spectra [16]. Investigations of these parity-forbidden states in
the time domain relate the observed decrease of the lifetime
to the Stark admixture of the autoionizing 'P° DES [21]. In
detail it was demonstrated that the visibility and the lifetime
of the 2pnp 'P¢ states crucially depend on the electric field
strength and on its direction with respect to the incoming
photon polarization.

In this paper we present a complementary study of the
strong, Stark-induced quenching of the “visible” (dipole-
allowed) DES 2pnd 'P° (n = 3-7). We have set up a measure-
ment in the picosecond time domain to determine the lifetimes
of these DES in a homogeneous dc electric field. Under the
field-free conditions, these states, which are conventionally
labeled with the letter ¢ [22] or with the (K,T)4 = (—1,0)°
correlation quantum numbers [23,24], are relatively long lived:
Although autoionization for these states is not forbidden,
they primarily decay by fluorescence to the singly excited
states [25]. However, the neighboring members of the two
strongly autoionizing 2sns and 2pnp 'S¢ series—labeled with
the letters a and b or with (K,7)* = (1,0)* and (K,T)* =
(—1,0)"—can mix at low electric field strengths with the nc
Po states. The system presented below is interesting also
because the mixing is expected to depend strongly on the
relative angle between the electric field F and the photon
polarization direction &,. We choose the quantization (z) axis to
be parallel to the electric field, i.e., F || Z. In the perpendicular
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FIG. 1. Fluorescence yield measured in the region of nc/(n + 1)b
!P? doublets below the N = 2 threshold. Denoted are also the energy
positions of the dark nb/(n + 1)a 'S¢ doublets. The energy axes are
expanded so that each minor tick represents 10 meV. The experimental
energies have been shifted by 20 meV to match the calculated energy
positions. Each doublet was measured under different experimental
conditions and the yields are not given on the same scale.

geometry, when F L &, only DES with m; = %1 projection
of the angular momentum on the direction of the external field
are accessible in the ground-state photoabsorption [26]. As
these states cannot mix with the unperturbed 1ge gtates, which
all have m; = 0, no measurable effect on the lifetime of 'P°
states is expected when an external electric field is applied.
Conversely, when F || &, the m; = O states are accessible and
the lifetime variation of nc 'P° states is expected to be the
largest. Although the field-induced mixing affects also the nb
and (n + 1)a 'S¢ resonances, these states are not expected to be
directly visible in the fluorescence spectrum because of their
strong autoionizing character and due to the strong experimen-
tal overlap with the other DES (Fig. 1). Their presence, how-
ever, is indicated indirectly by the behavior of the nc 'P? states
as a function of the field strength, as can be seen through the
decrease of the corresponding fluorescence yield in the energy
domain and through the lifetime shortening in the time domain.

The fluorescence spectra reported in the past were “contam-
inated” by Fano-like signal, which originates from the main
autoionizing na 'P° series due to secondary ultraviolet (UV)
photons generated by a plethora of emitted electrons hitting
surfaces [16]. This effect, as well as the contribution of another
UV photon emitted along the cascade decay (from the 1s2p —
1s? transition), prevents a precise quantitative analysis of the
fluorescence yield quenching, which is a consequence of the
coupling with the dark states. In a time-resolved measurement,
both the electron contamination signal and the contribution
from the second UV photon result in a flat background, and
the effect of the resonance Stark mixing is clearly reflected in
the field-dependent nc 'P? lifetime.

II. EXPERIMENT

The measurements were performed at the U56/2-PGM1
BESSY II beamline in Berlin in the multibunch operation
mode with 2-ns period between the light pulses. The optimized
energy resolution of the photon beam was about 0.8 meV
(resolving power 80000) (Fig. 1). The experimental setup is
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rotatable

FIG. 2. (Color online) The experimental scheme. The direction
of external electric field F can be rotated around the wave vector Kk
of the incident photon beam to change its angle with respect to the
incoming light polarization &.

similar to the one described in Ref. [21] with the exception that
here the gas inlet, the two coplanar electrodes, and the 40-mm
microchannel plate (MCP) detector are mounted on a frame
which can be rotated around the direction of the incoming
photon beam (Fig. 2). A dc electric field F with strength up
to 4 kV/cm is applied in the target region at the crossing of
the effusive helium jet with the polarized synchrotron light
beam. A numerical simulation of the field strength suggested
a value in the interaction region as 90% of the nominal
(geometrical) one for the parallel plate arrangement [21], and
such a correction is applied throughout this paper. The field
direction with respect to the photon polarization was set by
a frame rotation without changing the detection solid angle.
The fluorescence signal from selectively excited resonances
was detected by the MCP equipped with voltage-biased
grids to avoid detection of charged particles. The signal
processed by fast timing electronics (1 GHz preamplifier
and constant-fraction discriminator) was sent as START to
a time-to-amplitude converter (TAC) which was stopped by
the frequency-divided (=-32) rf signal (giving a 64-ns period).
The TAC time window was set to 50 ns. The TAC output was
digitized by an analog-to-digital converter (ADC) with 2K
channels giving a final bin width in the time spectrum of 25 ps
or lower (6 ps with 8K channels). The TAC stop signal period
of 64 ns with a ring period of 800 ns ensures that the signal
from all light bunches is averaged on two cycles (2 x 800 ns =
25 x 64 ns). Besides the frame rotation, a translation of the
gas inlet (needle) with respect to the frame was possible. That
feature was introduced to measure the instrumental temporal
resolution of the system: The instrumental function /(¢) was
determined by inserting the tip of the needle into the “edges” of
the photon beam to avoid saturation of the signal and recording
the time spectrum of scattered photons with respect to the ring
clock [solid line in Fig. 3(a)]. The shape of the instrumental
function can be approximately described by a Gaussian with a
typical full width at half maximum (FWHM) of 120 ps.

A. Deconvolution

The fluorescence rate at the observed time depends on
the population and on the decay time of the excited state
(see Fig. 4). The fluorescence rate F(¢) detected at time
t is therefore described by a convolution of the excitation
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FIG. 3. Benchmark determination of the lifetime of the He* 2p
state in the zero electric field. Shown are the multibunch signal (a) and
the signal of many bunches folded into an equivalent single-bunch
response (b).

rate £ with an exponential decay function D and time jitter
G: F(t) & (E % D % G1)(t). Measuring the scattered photons
from the needle is described in a similar way, but without
the exponential decay: I(¢) o< (E x G,)(t — Aty). Note that a
different time jitter function G, has been used due to a different
data acquisition time and that an additional time shift A#, has
been introduced to account for the difference in the photon
paths because the beam “edges” which provide the signal on
the needle do not obey the focusing conditions (position and
time) of the central part of the beam. Furthermore, a small
amount of light scattered from the needle was detected even
when the needle was moved out of the beam. This adds a
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FIG. 4. (Color online) Influence of different field strengths on the
decay time of the 4c state in parallel geometry (F||€;). The signal of
different bunches has been folded into a single bunch and normalized
to 1.
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term proportional to (E x G1)(t — At) to the measured signal,
where At is the time shift related to the needle-out position.
When this term is small and the time jitter G is similar to G,
we can approximate it with the shifted measured instrumental
function 7(¢), normalized to the acquisition time and to the
incident photon flux. In this case, the expected fluorescence
signal is

Ft)y=Y / I(t' — Aty) (G * D)t — t',00,7) dt’

+a/1(t’— At)Go(t —t,00) dt’. (D

The parameter oy describes an additional broadening of
G, with respect to G,, so that G, * Gy = G;. The decay
signal (G * D)(t,00,7) is described by a convolution of an
exponential with a Gauss-shaped time-jitter correction [27]:

1
(Go * D)(t,7,00) = ———
0 0 V2mopT

/oo t/2 t 4t dt/ (2)
X ex — — .
—t P 20()2 T

Parameter Y is proportional to the fluorescence yield meditated
by the resonant photoabsorption. To implement the fitting of
the continuous and possibly subchannel time shifts Afy and
Aty, it was necessary to interpolate the measured 7(¢).

The model signal function F(¢) is fit to the data Y,, measured
at discrete times #, by varying parameters Y, 7, Afy, oy, Aty,
and «. The maximum-likelihood fitting procedure for Poisson
statistical uncertainties is used [28]: The estimator,

Luin = ) _{F(t,) = Y, In[F(1,)]}, 3)

n

which is free from the approximation that the uncertainty
distribution of the data is Gaussian, is minimized to obtain
the best fit. The uncertainties of the parameters are obtained
from the second numerical derivatives of L, with respect to
the parameters in the vicinity of the minimum.

Using the measured instrumental function and circular
deconvolution method we were able to extract the parameters
from the measured data. For a better visibility of the signal in
a single 2-ns period, we have also tried to fold the signal
of many bunches into an effective single-bunch signal by
carefully choosing the time intervals and summing the data.
With respect to the multibunch approach, the statistics of the
signal increases, but so does the time jitter due to the folding
algorithm. The extracted parameter oy is found to be larger in
the folded case, whereas the lifetime and its uncertainty remain
practically the same (Fig. 3). In some cases, a fit analysis using
the instrumental function did not return stable results. In these
cases the decay signal of the very short-lived 8" state was used
instead. The total uncertainty of the method was determined
based on the fit uncertainty and the standard deviation of the
extracted lifetimes around the average value in the cases, where
no change of lifetime was expected. The overall uncertainty
was determined to be in the 5-to-10-ps range.

The deconvolution method was verified by analyzing the
time spectrum of the fluorescence decay of the Het 2p
state, recorded just above the N = 2 threshold at the photon
energy of 65.8 eV (Fig. 3). The lifetime was determined to be
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(101 £ 1) ps, which is in very good agreement with cal-
culations and with the high-precision experimental value of
99.717 £ 0.075 ps [29].

III. THEORY

We compare the measured resonance lifetimes to the results
obtained with our ab initio calculations. The singly excited
and the doubly excited singlet states of the helium atom in an
external dc electric field converging to the N = 2 ionization
threshold have been calculated with the method of complex
scaling (cf. [30-32] and the references therein). The method
allows for the exact representation of resonance and continuum
states using square-integrable basis sets. Only a brief outline
of the calculation procedure is given here, and the reader is
referred to Ref. [33] for details.

The complex-scaled Hamiltonian operator which describes
the helium atom in the electric field is written as

H(0) = Hy(0) + AH(0), 4)

Hy(®) = e " (p1/2 + p3/2)
+e 0 (=2/ri =2/r+ It =12, (5)

AH®) = €' F(zy + z2). (6)

We denote the field-free Hamiltonian operator and the atom-
field interaction with Hy and AH, respectively, r; and p;,
i = 1,2, are the electron coordinates and momenta, and 6 is
the “rotation angle” [30—32]. The calculation of the eigenstates
and the eigenenergies of H(0) proceeds in two steps. In the
first step, we seek the field-free solutions,

Hy(0)¥°, = E%, w0, (7)

where the wave functions \111(1’0 (r;,rp) are expanded in a basis
of configuration-interaction coupled two-electron Coulomb-
Sturmian functions with two suitably chosen radial scaling
parameters associated with the two electrons [33,34]. Our
basis sets consist of the basis functions with the total angular
momentum L < 10 of both odd and even parity 7. For each
value of the total momentum and parity, several pairs of radial
scaling parameters are used. This allows us to obtain the
field-free solutions within a single diagonalization for each
L and r. In the second step, the solutions of

HO)Wjs = Ejp¥jg (8)

are sought, where a subset of the calculated field-free states is
used to describe the wave functions W4 [33]:

Wig =Y yinyy (M, =M),). ©)

In order to calculate the lifetimes of the DES considered
in this work, their autoionization and radiative decay paths
have been considered. The autoionization widths I'Y are
obtained from the imaginary parts of the complex energies
Ejgy=E;—i ij /2 associated with the resonance states |W ;4).
For these resonance states, the radiative decay widths 1"; have
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been obtained by means of [33]

r CY3 ! 3
I = EZ Z/dsz(Ej — Ex)
k B

x Re {[(Wig| Dy (85)|W6)1%), (10)

where Dy(85) = €'’ &5 - (r| + 1r2) is the length-gauge dipole
operator and the notation (W;y| means that the deconjugated
radial part of the complex-scaled wave function is used
under the integral. In Eq. (10), B8 runs over the two linearly
independent polarizations of the emitted photon, and the prime
denotes the summation over the singly excited states only since
the transitions to the DES contribute negligibly to I'’; compared
to the transitions to the singly excited states. Furthermore, in
order to avoid errors stemming from inaccurately calculated
higher-lying singly excited states, only transitions to the
singly excited states with principal quantum numbers n < 18
have been considered. Finally, the lifetimes reported here are
calculated as

1 =1y/(T§ +T7), (a1

where 1 ~ 2.418 88 x 10~7 s is the atomic unit of time.

IV. RESULTS AND DISCUSSION

In Fig. 5, the calculated lifetime dependence on the field
strength is compared to the measured values for nc 'P°
(n = 3-7) states. The agreement between the two is good
for both relative orientations of the field and for the field
strengths up to 3.5 kV/cm. While the 3¢ lifetime is practically
independent on the field strength and its direction, the effect
of the field is clearly seen for the states with n > 4: A
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FIG. 5. (Color online) The lifetimes of the nc 'P° resonances in
the external electric field for the parallel (F || &) and perpendicular
(F L &) geometries. The measured lifetimes (points) are compared
to the calculated results (lines).
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TABLEI. The calculated energy differences AE;; = E; — E; (in
meV) and radiative (I'") and Auger (I'“) decay rates of the nc 'P°
(A), nb 'S¢ (B), and (n + 1)a 'S¢ (C) resonances in zero electric field
(in atomic units). The last row gives the coefficient k in units of
(kV/cm)~2 obtained by fitting the theoretical data with ansatz (17).
The numbers in the parentheses denote the powers of ten.

n 3 4 5 6 7
AEp 26.93 2.71 —0.39 —0.76 —0.68
AE,c —60.11 —25.26 —12.96 —7.54 —4.77

r 1L15(=7) 9.87(—8) 9.07(—8) 8.61(—8) 8.32(—8)
T4 7.469(—5) 4.624(—5) 2.985(—5) 1.999(—5) 1.388(—5)
Te  4.920(—4) 2.186(—4) 1.135(—4) 6.592(—5) 4.154(—5)
k 134 (—=4)  0.189 10.9 8.23 14.1

considerable lifetime shortening is observed in the F || €, case
when the field strength is increased. The calculations suggest
that for n > 4 the Stark mixing with the strongly autoionizing
(n + 1)a and nb 'S¢ states [33,35] is responsible for this effect,
as well as for quenching of the nc 'P° fluorescence yield;
for n = 3 the spacing between the states is too large for a
significant mixing (see Table I), so that the lifetime is rather
independent from the field strength. For n > 4 the quenching
results mostly from the larger autoionization decay probability,
since according to the calculations, the radiative widths of the
nc 'P states are practically independent of the field strength
in the investigated range. The effect appears mostly through
the nc 'P° -nb 'S¢ Stark coupling: Despite the fact that the
autoionization rate of the nb 'S¢ states is about four times
weaker compared to the (n 4+ 1)a 'S¢ states, the nb 'S¢-nc
P2 energy difference is much smaller than the (n + 1)a 'S¢
-nc 'P? energy difference (Table I). On the other hand, for
the perpendicular setup, the lifetimes and fluorescence photon
yields are found to be practically independent of the field
strength and, as noted before in the zero-field regime [19,20],
the lifetimes of the nc 'P? states are observed to increase
slowly with n.

Since the state’s lifetime and its fluorescence yield depend
on the same Stark coupling, measuring both as functions of
the electric field strength provides additional information. For
a given state, these two quantities are extracted from the fit
[Eq. (1)] of the time spectrarecorded at different field values F.
In Fig. 6, the relative lifetime 7(F)/t(0) is plotted against the
relative fluorescence yield Y (F)/Y (0) for the 4c 'P? state in
the parallel field configuration. As noted, these two quantities
assume about the same value at the selected field strength.
This result is consistent with a simple two-state mixing model
presented below.

In the two-step absorption-emission model the relative
fluorescence yield is related to the relative lifetime of an
intermediate state by

Y(F) T(F)
W_f(F)r(O)’ (12)
where
fF) =[o(F)/aO]I"(F)/T"(0)]. (13)

Above o(F) and I'"(F) is the photoexcitation cross sec-
tions and the fluorescence decay rate, respectively, of an
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FIG. 6. The relative change of the signal amplitude versus the
relative change of the lifetime as a function of electric field strength
[Eq. (12)] for the 4c¢ 'P? state.

intermediate state. Suppose that a “doubly visible” state |A)
(meaning that the state can be photoexcited in the zero field
and that it decays primarily by the fluorescence rate I'", the nc
IP? state) is Stark-mixed with a “doubly invisible” state | B)
(a state which cannot be photoexcited when F = 0 and which
decays primarily by autoionization rate I', the nb 'S¢ state).
The states are mixed upon application of an external field:

|A") = c1(F)|A) + c2(F)|B), (14)

|B') = c2(F)|A) — c1(F)|B). 15)

The field-dependent coefficients ¢; and ¢, may be assumed
to be real without the loss of generality. As ¢} =1—¢3,
the photoabsorption cross section of the state |A’) is simply
o(F)=0c0)[1 — c%(F )] and similarly the fluorescence rate
is I"(F)=T"(0)[1 — c%(F )]. From these equations follows
f(F)=1[1-— c%(F)]z. This quantity is a measure for the Stark
mixing coefficient ¢3 and can be determined from the measured
results by a presentation as given in Fig. 6. When |¢;| < 1, as
realized in Fig. 6, it follows that f(F) = 1, and the relative
fluorescence yield dependence on the electric field strength is
practically the same as the relative lifetime dependence on F:

T(F) 1
t(0) 14 (4/T7 — DA(F)

(16)

Expressing ¢, by the first-order perturbation theory and taking
into account that I'“/TI'” > 1, Eq. (16) is written as

T(F) N 1

EOREEY T (17

The same parametrization form remains valid if other doubly
invisible states contribute to the Stark mixing. Actually, the
form (17) perfectly reproduces the theoretical curves with k
values reported in Table I. The mixing coefficients calculated
by means of the perturbation theory for field strengths above

013412-5



K. BUCAR et al.

2 kV/cm can surpass 0.1, which means that the first-order
perturbation applicability is at its limit [26]. A hint about
the real value of mixing coefficient in the two-state model
is obtained from our nonperturbative calculations. For the
parallel setup, the fluorescence decay rate is calculated to
increase slightly with respect to the zero-field value. Taking
2.0% increase for the 6¢ 'P? state at F = 3 kV/cm, the cor-
responding mixing coefficient ¢, =~ 0.14. In the perpendicular
geometry, the fluorescence rate is almost independent of the
field strength.

According to theory, a mixing with the 'D¢ states is not
forbidden in the perpendicular configuration. It is, however,
notable only for n > 7 and explains the decreasing lifetime
for 7c perpendicular in Fig. 5. At 3 kV/cm it causes a 2.8%
decrease of the zero-field 7¢ 'P° lifetime. The effect of this
mixing in the parallel geometry goes in the opposite direction,
causing 1.3% increase of the lifetime at the same field strength.
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FIG. 7. (Color online) The lifetimes of the nb 'P° resonances in
the external electric field for the perpendicular (F L &, a) and parallel
(F || &, b) geometries. The measured lifetimes (points) are compared
to the calculated results (lines).
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FIG. 8. (Color online) The lifetimes of the na 'P¢ resonances in
the external electric field for the perpendicular (F L &) geometry.
The measured lifetimes (points) are compared to the calculated
results (lines), as well as the results from [21]. The points are shifted
horizontally for clarity to avoid overlapping.

Note that nb 'S¢ energy jumps over the nc 'P° energy when n
changes from 4 to 5. This is reflected in the local maximum of
k atn = 5, as seen in Table 1.

The lifetime dependence on the dc electric field has been
measured also for the nb 'P° (n =4-8) and 2pnp 'P¢
(n = 12-14) resonances (Figs. 7 and 8). The latter case deals
with a series of dark resonances of even parity which become
visible at high n due to the Stark mixing with the autoionizing
P series, as mentioned above. The observed shortening of
the lifetime is in agreement with the previous results [21].
For the dipole-allowed nb 'P° resonances the theory predicts
the lifetimes to increase from 11 to 60 ps when n increases
from 4 to 8 [36]. These lifetimes are too short to be precisely
measured with our present time resolution of about 10 ps and
too long to be accurately extracted from the measured spectral
linewidth. It is interesting to compare our results with the
results in [2], where the linewidths were extracted from the fit
of the resonance profiles in the experimental photoionization
spectrum. The linewidths extracted from our measurements in
the time domain are 0.030(10) and 0.033(10) meV, for the 4b
'P? and 5b 'P° states, respectively, while the corresponding
values from [2] are 0.06(2) and 0.03(3) meV. Similar to its
close neighbor state (n — 1)c P, the lifetime of the nb 'P°
resonance remains stable as the field strength increases in the
perpendicular orientation and diminishes for the parallel field
orientation due to the Stark mixing with (n — 1)b 'S¢ and na
IS¢ resonances. We note that the nb 'P? states are more stable
than the neighboring (n — 1)c 'P? states because a stronger
mixing is required to quench the fluorescence signal of the
predominantly autoionizing nb 'P° resonances.

V. CONCLUSIONS

We have measured the lifetimes of the helium DES nc
1Po (n = 3-7), nb 'P° (n = 4-8), and na 'P¢ (n = 12-14)
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with dc electric fields strengths up to 3.5 kV/cm for the
parallel and perpendicular field orientations with respect to the
incoming photon polarization. The experiment was performed
in the multibunch mode of the synchrotron radiation facility
BESSY II to allow for accumulation of a statistically relevant
set of data at energy resolution sufficiently high to fully
resolve the signal of the 7c-8b 'P° doublet (separated by
2 meV). The zero-field data confirm the results of previous
measurements on nc 'P°, as well as the results regarding
the lifetimes of the na 'P¢ states in a weak electric field.
Increasingly strong fluorescence quenching is observed for
predominantly fluorescing n = 3-7 series of nc 'P? states
in the parallel field orientation, while for the perpendicular
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field orientation, the fluorescence yield remains practically
independent of the electric field. This is explained by Stark
mixing with the dipole-forbidden predominantly autoionizing
(n — Db 'S¢ and na 'S¢ states. Less intense, but similar in
behavior and origin is the fluorescence quenching of the nb
1Po (n = 4-8) series of states. The measured trends are well
reproduced by calculations.
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