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Experimental study of bound and autoionizing Rydberg
states of the europium atom?*
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An isolated-core-excitation (ICE) scheme and stepwise excitation are employed to study the highly excited states of

the europium atom. The bound europium spectrum with odd parity in a region of 42400-43500 cm

—1 is measured, from

which spectral information on 38 transitions, such as level position and relative intensity, can be deduced. Combined

with information about excitation calibration and the error estimation process, the selection rules enable us to determine

the possible values of total angular momentum J for the observed states. The autoionization spectra of atomic europium,

belonging to the 4f”6pnl (I = 0, 2) configurations, are systematically investigated by using the three-step laser resonance

ionization spectroscopy (RIS) approach. With the ICE scheme, all the experimental spectra of the autoionizing states

have nearly symmetric profiles whose peak positions and widths can be easily obtained. A comparison between our

results and those from the relevant literature shows that our work not only confirms many reported states, but also

discovers 14 bound states and 16 autoionizing states.

Keywords: europium atom, isolated-core-excitation, highly excited states, autoionizing Rydberg

states
PACC: 3280, 3270

1. Introduction

In the past decades, studies on highly excited
atoms have been advanced dramatically with the de-
velopment of the laser. In particular, the investi-
gation of atomic autoionizing states has recently re-
ceived a lot of attention because it is related to many
interesting phenomena, such as propagation without
absorption! and coherent control.?! In spite of nu-
merous applications, information on the autoionizing

sB3-9] is still scanty. Among

states of rare-earth atom
the rare-earth atoms, the Yb atom has been studied
most!®7) due to the fact that the 4f shell is completely
filled. With only two s-electrons outside the closed
shell, the spectrum of the Yb atom is basically an
alkaline-earth-like spectrum. However, with a half-
filled 4f shell, the Eu atom is very active and thus has
a much more complex nature in its spectra. There-
fore, only a few studies on the Eu atom have been
reported.[® Although some work on the Eu atom has
been done, it is limited only in some regions or with
some excitation schemes. For example, the odd-parity
bound states!”) have been reported only in an energy
range from 45000 cm ™! to 45735 cm ™!, while the au-

toionizing states!'®! are obtained only with a two-step
excitation scheme.

The ICE scheme, as a powerful experimental
method, has several advantages. First, only low laser
powers are required because all the transitions are
single-electron transitions, thereby leading to the sec-
ond advantage, i.e. a simplified autoionization spec-
trum, whose profile is determined only by configura-
tion interaction rather than by a combination of con-
figuration interaction and interference effects, from
which information on the peak and width of a res-
onance can be easily obtained. Furthermore, unlike
the case of a Fano profile, the peak position and the
width of an observed spectrum with the ICE scheme
can be interpreted as level energy and autoionization
rate. Thus, the ICE scheme has been used extensively
for investigating the autoionizing states of alkaline-
earth atoms,[*!] such as the Ba atom.'215] However,
due to the much more complex nature of the Eu atom
its Rydberg states are very different from those of
alkaline-earth atoms. For instance, they are perturbed
seriously by many valence states: when an electron is
excited the rest of the electrons are certainly not in
an isolated core any more. Thus, it is necessary and
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important to check where the ICE scheme is still ap-
plicable to the autoionization spectra of the Eu atom.
In other words, we should first attempt to use the ICE
scheme to investigate the autoionizing states of atomic
Eu, converging to the 4f76p* thresholds.

The rest of the present paper is organized as fol-
lows. The experimental approach is given in Section 2.
The experimental results and discussion are presented
in Section 3, and finally, the conclusions are given in
Section 4.

2. Experiment

As the experimental setup and approach have
been given in detail elsewhere,!f! only some basic
principles will be outlined here. The experimental
setup used in this work is illustrated in Fig. 1. It con-
sists of three parts: a laser system, an atomic beam
system and a data acquisition system. Three tunable

dye lasers each with a width of 0.1 cm~! are pumped

by the second or third harmonics of a Giant-770 model‘

Nd:YAG pulsed laser with a pulse duration of 6-8 ns
running at 20 Hz. The Eu atom source is from an ef-
fusive atomic beam sprayed from a resistively heated
oven in a vacuum chamber. The atomic beam is col-
limated and directed to a region between two electric
field plates, 1 cm apart, where it is crossed perpendicu-
larly by dye laser beams to avoid Doppler broadening.
The data acquisition system, including a model 4121B
boxcar and a 9650A digital pulse generator which are
controlled by a computer, was purchased from AME-
TEC Company. In order to ensure the excitation se-
quence, the second and third laser pulses are delayed
by 8-10 ns and 16-20 ns respectively with respect to
that of the first laser, while the gate of the boxcar
and the pulse of the electric field are also carefully
controlled. After a time delay of 0.5 us to the laser
pulses, the ions, resulting from the excitation and sub-
sequent decay of autoionizing states, are extracted by
the pulsed electric field to an MCP detector, the out-
put of which is fed into the boxcar and stored in a
computer for further analysis.

Nd:YAG
oscilloscope
vacuum chamber [,
| PDL j,,r" ZSMCP‘“»@,‘
J tube ‘K'=.=
.| PDL @\
'*.q atom l;_)éam
\\‘\.‘ ..“"'-“L
" pulsed voltage
PDL
N

Fig. 1. Schematic diagram of the experimental apparatus including the excitation lasers (PDL: pulsed dye

laser), the atomic beam, and the detection-analysis systems. The atomic beam is produced in the vacuum

chamber. The ion signal is detected by an MCP, averaged by a boxcar, and stored in a computer for further

analysis.

Figure 2(a) shows the scheme of two-colour stepwise excitation of the photoionization process. In order to

fulfil the photoionization scheme, two linearly polarized lasers are employed to interact perpendicularly with the

Eu atomic beam, which is extracted from the stainless steel oven. The first laser, fixed at a constant wavelength

A1, excites the Eu atom to an intermediate state from its ground state. The second laser, whose wavelength A\,

is scanned within a certain range, excites the atom to a highly excited state with an odd parity, and then ionizes

it with another Ay photon. In order to make the experiment more fruitful, three photoionization schemes are

employed:
(a) Scheme I

A1=459.39 nm
682 887/2 A SN

6s6p°Po 2 2 [J = 7/2,9/2,11/2] 2% Eu'*; (1)
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(b) Scheme 1T

A1=462.71 nm
2 7

6s> ®S7, 6s6p°P7 2 22 [J =5/2,7/2,9/2] *5 Bu'; )

(¢) Scheme IIT

A1=466.18 nm
2 7

6s2 87, 6s6p°Ps 0 2 [J = 3/2,5/2,7/2] 22 Eu*. (3)

A diagram of the ICE scheme and the relevant energy levels for the study of autoionizing states of the Eu
atom are shown in Fig. 2(b). With the ICE scheme, the Eu atom is excited from the ground state 4{76s> to a
4f76s6p state by the first dye laser. Then the atom is excited to a 4f76snl (I = 0, 2) Rydberg state, whose outer
nl (I = 0, 2) electron is in an orbit with a large radius, far from the Eut 4f76s* core, by the second tunable
dye laser. Finally, the atom is excited to an autoionizing state with the transition 4f76s* —4f"6p™ by the third
dye laser, thereby avoiding interference from the excitation of the nl electron. Due to considerable interaction
with underlying continua converging to the 4f76s* or 4f"5d* ionization limit, the atom in the 4f"6pnl (I = 0,
2) autoionizing state is very unstable, and decays quickly into an ion to the ionic states 4f"6s* and 4f"5d* by
ejecting an electron.

76+
4f76pns (4f76pnd) M 4ff6p

[ Y
A3 "
A AL L s
-~ I 3
ﬁﬂ 4f76st 4f76st
Y S—
4f76sns (4f76snd)
)\2 >\2
—4— 4f76s6p P
4 P T5/2,7/2,9/2 4176s6p 5Ps5/2,7/2,9/2
A1 A
— 652 88,5 47652 83, 5

(a) (b)

Fig. 2. Excitation schemes used in the experiment for the Eu atom. Panel (a) shows the photoionization process, where the
wavelength of the first laser is fixed at the 4f76s? —4f76s6p resonance transition, while the wavelength of the second laser is
scanned to excite the atoms into highly excited states. Panel (b) exhibits the autoionization process, where the wavelength of
the first laser is fixed at the 4f76s2 —4f76s6p resonance transition, and the wavelength of the second laser is fixed to excite
the atoms into 4f76snl (I = 0, 2) Rydberg states, then the wavelength of the third laser is scanned to excite the atoms into
autoionizating states.

To ensure the accuracy of experimental data, both systematic and random errors are reduced carefully. For
instance, the non-linearity in wavelength originating from the scanning system of dye lasers can be corrected
by recording the interference spectrum of an F—P etalon, while a hollow cathode lamp is employed to calibrate
the laser wavelength. On the other hand, as the power of the third laser is crucial to the width measurement of
an autoionizing state, an effort is also made to eliminate power broadening in every autoionization spectrum.
Specifically, the power of the third laser is reduced by using a suitable neutral-density filter until the ion signal
decreases linearly as the laser power decreases. To reduce the random errors, we measure each spectrum several
times and take the average of them. The uncertainty of the present experiment is estimated to be less than
+0.20 cm 1.

063202-3



Chin. Phys. B Vol. 19, No. 6 (2010) 063202

3. Results and discussion

In this section, many spectra of the bound and au-
toionizing states of the Eu atom are measured, from
which a lot of experimental data are obtained with
systematical analyses.

3.1. Highly excited bound states

As described in the previous section, three differ-
ent intermediate states, 4f”6s6p 8P5/2,7/2,9/2, are used
to study the highly excited states of the Eu atom in
the bound region, an example of which is shown in
Fig. 3.

1.0 T T T T T T

0.8+ R

0.6+ R

0.4+ N

Ion signal/arb. units

0.2+ J

460 465 470 475 480 485
Wavelength/nm

Fig. 3. Spectra of Eu atom using two-colour stepwise ex-
citation and photoionization. The wavelength of second
laser Ag is scanned from 460 nm to 485 nm, while the
wavelength of the first laser A1 is fixed at 459.39 nm.

The wavelength Ay or photon energy Fs of each
peak of the above spectrum in Fig. 3 can be used to
obtain the total energy of highly excited states from
the relation £ = E; + E5, where E; denotes the pho-
ton energy of the first laser. All spectra from the two-
colour stepwise photoionization are processed by this
method to obtain precise data on the energy level, an-
gular momentum and relative intensity. As shown in
Table 1 the typical experimental uncertainty on level

—1 and

energy is estimated to be less than +0.20 cm
the relative intensities of the spectral lines are classi-
fied into three ranges: from 0 to 0.4, 0.4 to 0.7, and 0.7
to 1, marked with the symbols w, m and s respectively.

Compared with the previous work which uses a
very different excitation scheme, the present experi-
ment provides a great deal of information. Among the
38 transitions shown in Table 1, 14 have not been re-
ported before, while the rest of them accord well with
those reported in the literature in terms of energy.!'”!
Furthermore, the intensities of all observed spectral
lines are also tabulated for the first time, providing

some additional information about these states. For

instance, the intensities of the newly discovered spec-
tral lines are mostly weaker than those of transitions
whose level energies have been reported before, which
may partially explain why the previous work failed to
observe them. Meanwhile, the above 14 weaker tran-
sitions indicate that their populations in these highly
excited states are smaller than those of the rest listed
in Table 1.

Table 1. Level energies, relative intensities, and the pos-
sible values of J of highly excited states of the Eu atom.
Three excitation schemes are used to obtain the listed tran-
sition lines. The relative intensities are normalized and clas-
sified into three ranges: 0-0.4, 0.4-0.7, and 0.7-1, marked
with the symbols w, m and s, respectively.

serial 1 excitation angular . .
number energy /em scheme momentum (J) intensity

1# 43423.2 I 7/2,9/2,11/2 w
2% 43410.6 I 7/2,9/2,11/2 w
3# 43378.3 I 7/2,9/2,11/2 w
4# 43350.7 I 7/2,9/2,11/2 w
5% 43343.4 il 5/2,7/2,9/2 w
6 43333.5 I, 11 7/2,9/2 w
TH# 43295.3 I, II 7/2,9/2 w
43281.7 I, 11 7/2,9/2 w
43270.4 I 7/2,9/2,11/2 w
10 43238.5 I 7/2,9/2,11/2 s
11 43233.9 I 5/2,7/2,9/2 w
12 43184.2 I, 1T 7/2,9/2 m
13 43165.8 11 3/2,5/2,7/2 w
14 43100.9 I, 11 7/2,9/2 m
15 43067.3 I, 11 7/2,9/2 m
16 43030.1 I, 11, 111 7/2 w
17 42954.4 I 5/2,7/2,9/2 w
18 42937.6 I 101 5/2,7/2 w
19# 42911.2 11 5/2,7/2,9/2 w
20 42895.8 111 3/2,5/2,7/2 w
21 42882.2 I, IT 7/2,9/2 w
22# 42872.7 11 5/2,7/2,9/2 s
23 42860.9 I, 11 7/2,9/2 w
24 42848.3 I 5/2,7/2,9/2 s
25%# 42800.1 11 5/2,7/2,9/2 w
26# 42796.5 I 7/2,9/2,11/2 m
27# 42743.2 I, 11 7/2,9/2 w
28# 42721.3 I, 11 7/2,9/2 m
29 42697.2 I1 111 5/2,7/2 w
30 42682.5 I1 111 5/2,7/2 m
31 42575.5 I, 11 7/2,9/2 w
32 42558.4 IT 111 5/2,7/2 s
33 42525.1 II III 5/2,7/2 m
34 42478.7 I, 1T 7/2,9/2 m
35 42453.0 11 3/2,5/2,7/2 s
36 42428.6 I 7/2,9/2,11/2 w
37# 42402.8 II1 3/2,5/2,7/2 s
38# 42390.6 111 3/2,5/2,7/2 w

# newly discovered
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On the other hand, as the experimental data
shown in Table 1 are obtained from the three differ-
ent excitation schemes, it is very meaningful to make
a comparison with each other in order to obtain in-
formation on the possible values of J of all measured
bound states. According to the selection rules cor-
responding to the three excitation schemes, one may
deduce the possible values of J for the states detected.
Namely, for scheme I, we should have J = 7/2, 9/2,
or 11/2; for scheme IT J = 5/2, 7/2, or 9/2 and for
scheme IIT J = 3/2, 5/2, or 7/2. With these princi-
ples, the possible values of the angular momentum of
any state can be determined, and they are listed in
Table 1. For instance, the J value of No. 16 state at
43030.1 cm~! can be uniquely determined to be 7/2
as it can be detected by excitation schemes I, IT and
IIT simultaneously. Similarly, the J value of No. 28
state at 42721.3 cm? should be 7/2 or 9/2, as it can
be detected by excitation schemes I and II simulta-
neously. Therefore, comparisons of spectra from the
three different excitation schemes in the same energy
region can indeed determine the possible values of J
of the observed states.

3.2. Autoionizing states 4f"6pnl

With the ICE scheme described in Section 2, the
spectra of Eu 4f”6pnl autoionizing states are measured
by scanning the wavelength of the third laser across
the 4f76sT — 4f76p™ ionic line transitions while the
first two lasers are set to populate different 4f76snl
bound Rydberg states. Since the transition of Eu™
4f76st — 4f76pT should dominate the direct photoion-
ization process (e.g. the 4f"6snl— 4f"6sel’ transition),
and eliminate the possible interference between the
above two excitation pathways, the nl electron should
basically acts like a spectator in the process of third-
step excitation. In other words, most observed pro-
files with the ICE are expected to be basically of
Lorentzian type. In order to confirm the above specu-
lation, all the observed spectra are fitted to Lorentzian
profiles, two examples of which are presented here.

As shown in Fig. 4, the spectrum of a 4f"6pnl au-
toionizing state can be a single resonance and it is well
represented by a single-Lorentzian profile. Meanwhile,
an autoionizing state may also have a spectrum with
a double-peak profile as shown in Fig. 5. In this case,
the level energy and width of an autoionizing state
can be obtained by fitting the spectrum to the sum of
two Lorentzian profiles.

1.0

0.8 1

0.6 1

0.4 1

Ton signal/arb. units

0.2 1

430 435 440 445 450 455
Wavelength/nm

Fig. 4. Experimental autoionization spectrum of the Eu
atom with a single peak. The spectrum represents the
resonance transition by scanning A3 across the 4f76stJ =
3 — 4f"6pT.J = 4 ionic line in a range between 428.5 nm
and 455.5 nm with A1 and X\ fixed at 466.18 nm and
573.81 nm respectively. The solid line represents the ex-
perimental spectrum, while the dash line is obtained from
the Lorentzian fit.

1.0

0.84

0.6

0.4

Ion signal/arb. units

0.2

0+= . : . e
440 450 460 470 480
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Fig. 5. Experimental autoionization spectrum of the Eu
atom with a double-peak profile. It is obtained by scan-
ning A3 from 442 nm to 482 nm, with A\; and A2 fixed
at 462.71 nm and 565.84 nm, respectively. The solid line
represents the experimental spectrum, while the dash line
is obtained from the Lorentzian fit. The peak on the left
represents the resonance transition at 22087.9 cm—! when
the wavelength of the third laser is scanned across the
4f76st J=3— 4f76pT.J = 4 ionic line; the one on the right
represents the resonance transition at 21705.2 cm~! when
the wavelength of the third laser is scanned across the
4f76stJ = 3 —4f76pTJ = 3 ionic line.

Note that both A; and A3 are different for Fig. 4
and Fig. 5. The peak on the left in Fig. 5 is cen-
tred at 22087.9 cm~!, corresponding to the pro-
cess in which \s is scanned across the 4f76stJ =
3 —4f"6ptJ = 4 ionic line, while the one on the
right is centred at 21705.2 em ™! corresponding to the
process in which A3 is scanned across the 4f76sT.J =
3 — 4f76pT.J = 3 ionic line. Since the energy gap be-
tween the 4f"6pTJ = 3 and J = 4 ionization limits is
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382.7 cm™!, comparable to the widths of two autoion-
izing states converging to the two limits, they have a
considerable overlap in energy, thereby leading to a
double-peak profile.

Above all, taking advantage of the ICE method,
the observed level energy and width of the Eu 4f76pnl
autoionizing state may be obtained by fitting its
spectrum to either a single-peak or a double-peak
Lorentzian profile as shown in Figs. 4 and 5, which
is more accurate than reading them directly from the
spectrum. On the other hand, these results not only
confirm the speculation prior to the experiment, but
also demonstrate that the ICE technique is applicable
to more complex systems like the Eu atom.

With the above approach, the values of level en-
ergy E and width I’ of the 4f"6pnl autoionizing states
can be tabulated. In a spectrum, the A3 value of a
given peak gives its photon energy E3 , and yields the
energy of 4f”6pnl autoionizing states from the relation
FE = F1 + Es + E3 where E; and E5 are the photon
energies of the first and second lasers used. Note that
the uncertainties in level energy E and width I' are
estimated to be less than +0.2 cm™!.

Table 2. Autoionizing states converging to the
4f76ptJ = 3 ionization limit at 69509.2 cm—!. The
values of level energy (F) and width (I") of the 4f”6pnl
autoionizing states of the Eu atom are obtained by fit-
ting the experimental spectra to the Lorentz profile.

serial number | A3/nm  energy/cm~!  I'Jem™!
1 460.80 60957.3 581.3
2 458.45 59547.4 432.7
3 458.94 59463.4 542.2
4 460.37 58999.9 598.1
5 458.62 58065.0 329.8
6 459.15 57871.1 557.4
7 460.25 57794.2 398.3
8 460.21 57766.6 410.1

Table 2 shows the level energies and the widths
of 4f"6pnl autoionizing states converging to the
4f"6p*J = 3 ionization limit at 69509.2 cm™! of the
Eu atom, which are obtained by fitting the experi-
mental spectra to the Lorentz profile. As the width of
an autoionizing state represents the total autoioniza-
tion rate to all possible continuum states, it indicates
the coupling strength of an autoionizing state with
the underlying continua. In particular, two interest-
ing phenomena can be found from Table 2: first, the
autoionizing state located at 58999.9 cm~! has the
largest width (598 cm~1), which represents the great-
est autoionization rate in the energy region; second,

the widths of the 4f76pnl autoionizing Rydberg states
have no apparent dependence on energy. To explain
and understand the above phenomena two possibilities
may be considered: a) these autoionizing states do not
belong to the same autoionization series; b) they mix
strongly with other J = 3 autoionization series.

In order to find out some differences between
the states shown in Table 3, some comparisons are
made. For instance, the widths of the 4f"6pnl au-
toionizing Rydberg states basically reduce with the
increase of energy as expected. The only exceptions
are found in the two states located at 62115.2 cm™?!
and 61502.1 cm~! respectively. The reason why they
have a larger width than those states nearby is pos-
sibly due to the fact that they are heavily perturbed
by other J = 4 autoionizing states belonging to other
autoionization series.

Table 3. Autoionizing states converging to the
4f76pt J = 4 ionization limit at 69942.8 cm~—!. The
values of energy level (E) and width (I") of the 4f76pnl
autoionizing states of the Eu atom are obtained by
fitting the experimental spectra, similar to the ones
shown in Figs. 4 and 5.

serial number A3/nm energy/cm~! I'/em™!
1 440.32 62037.0 240.5
2 440.15 62248.4 247.2
3 441.36 62174.2 300.3
4 441.82 62115.2 498.9
5 442.63 61502.1 515.5
6 442.03 61434.4 405.1
7 442.58 61351.3 454.0
8 443.14 61493.5 552.9

It is also meaningful to make a comparison be-
tween Tables 2 and 3.
ent: both tables show obvious variations of the scaled
widths indicating that both the J = 3 and J = 4
autoionization series are heavily perturbed. However,

Their similarity is appar-

the difference between the two tables is also obvious:
the widths of the J = 4 autoionization series basically
reduce with the increase of energy, while the J = 3
4f"6pnl autoionizing Rydberg states do not.

Above all, since an autoionizing state is a bound
state that degenerates into many continuum states,
its width represents the total autoionization rate to
all possible continuum states, reflecting the coupling
strength between an autoionizing state and the under-
lying continua. Since the autoionizing states consid-
ered in this work lie above the 4f76st threshold, and
are embedded in many continua, the configuration in-
teraction may result in two effects for both J = 3 and
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J = 4 4f"6pnl autoionizing states: a) there are many
complex structures on the spectra; b) the scaled au-
toionization rates may change significantly. These ef-
fects can be seen in their spectra shown in Figs. 4 and
5, or in Tables 2 and 3.

4. Conclusions

In this work, spectral information on highly ex-
cited states of the europium atom is investigated with
a combination of resonant ionization spectroscopy and
the technique of stepwise laser excitation. The bound
Eu spectra with an odd parity in the region of 42400-
43500 cm ™! are measured to obtain the positions and

the intensities of 38 transitions, as well as their total
angular momenta. Compared with the work reported
in the relevant literature, the present work reveals 14
new states. Meanwhile, the autoionization spectra of
atomic Eu, belonging to the 4f"6pnl configurations,
are investigated by using the ICE scheme. Spectral
information, such as their positions and widths, is ob-
tained. Furthermore, a comparison between the J = 3
and J = 4 autoionizing states is made to explore
the possible effects of the configuration interaction be-
tween autoionizing states and the underlying continua.
Further study on the Eu 6ps/onl autoionizing states

is in progress.
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