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Isolated-core-excitation (ICE) scheme and autoionization detection are employed to study the bound Rydberg

states of europium atom. The high-lying states with odd parity have been measured using the autoionization detection
method with three different excitation paths via 4f76s6p[® Ps 2], 4f7656p[8P7/2] and 4f7656p[8P9/2] intermediate states,
respectively. In this paper the spectra of bound Rydberg states of Eu atom are reported, which cover the energy regions
from 36000 cm 1! to 38250 cm ! and from 38900 cm—! to 39500 cm—!. The study provides the information about level
energy, the possible J values and relative line intensity as well as the effective principal quantum number n* for these

states. This work not only confirms the previous results of many states, but also discovers 11 new Rydberg states of

Eu atom.
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1. Introduction

The study of atomic Rydberg levels has recently
received much attention, due to its close relationship
with many interesting phenomena, such as propaga-
tion without absorption!! and coherent control,? etc.
Furthermore, it was also listed as an important can-
didate for lasing without population inversion. [l

In spite of numerous applications, the informa-
tion about the highly excited states of the rare-earth
atoms(*~6! is still scanty. Especially, only few stud-
ies on the Eu atom have been reported.”) Among
the rare-earth atoms, the Yb atom has been studied
most[®9 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 one. However, with a half-filled 4 f
shell, the Eu atom is very active and thus has a much
more complex nature in its spectra. Therefore, only
few studies on Eu atom have been reported. Although
some works on the Eu atom have been done, they
only reported odd-parity states!'? in the energy region
45000 cm~'-45735 cm~! and autoionization states!'!]

using two-step laser photoionization.

Based on the above facts, it is apparent that
the study of the highly excited states of the Eu
In this
work, there are several differences from the earliar

atom is very necessary and challenging.

reports: a) the ICE scheme and autoionization de-
tection are combined to measure the Rydberg states
of the Eu atom; b) the spectra of the 36000 cm~!-
38250 ecm™! and 38900 cm~!-39500 cm~! energy
regions are measured; c) the observations are car-
ried out through three different excitation paths via
4f7656p[* Ps o], 4f7656p[3 Py /5] and 4 f76s6p[® Py /2] in-
termediate states, respectively.

It is well known that the ICE scheme has been
used not only for the study of autoionization spec-
tra of the Ba atom,2715] but also for the detection
of the Rydberg levels of alkaline-earth atoms.!16—18l
However, it has not been utilized for studying the
more complex such as the Eu atom. Due to the
fact that the autoionization process has many at-
tractive advantages over direct photoionization, this
work will systemically measure the spectra of odd-
parity Rydberg states of Eu atom with the combining
ICE scheme and the autoionization detection. In or-
der to demonstrate that autoionization detection can
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be much more efficient and selective than the tradi-
tional detection methods for detecting Rydberg levels
of complex atoms, the Rydberg atoms are driven to
the autoionizing states and detected via an autoion-
ization process. Furthermore, the study of the Eu 6snl
(iI=0, 2) Rydberg states with autoionization detection
will also prove that it is very versatile in detecting
both the low- and high-lying members of a Rydberg
series.

With a detailed analysis on the spectral data, we
not only identify lots of odd-parity states of Eu atom,
but also enrich the database by adding more informa-
tion which cannot be found in the literatures, such
as the possible J value and intensity of the Rydberg
states. In the following, an introduction of the ex-
periment will be given in Section 2; the experimental
results and discussion are presented in Section 3, and

Section 4 gives main conclusions.

2. Experiment

The experimental setup used here is shown in
Fig.1.
vacuum chamber and a data acquisition system. All

It consists of three parts: a laser system, a

the lasers used in the experiments are manufactured

l

INd:YAG
vacuum chamber
PDL1 \
—| PDL2
1 PDL3

by quanta system: a giant-770 model Nd:YAG pulsed
laser with pulse width 6-8 ns running at 20 Hz; three
D-100 model dye lasers with line-width 0.1 cm~*. The
first and third dye lasers are pumped by the third
harmonic of the Nd:YAG laser and the second one
is pumped by the second harmonic of the Nd:YAG
laser. The Eu atom source is from an effusive atomic
beam sprayed from a resistively heated oven in a vac-
uum chamber. The atomic beam is collimated and
directed to a region between two electric field plates,
1 cm apart, where it is crossed perpendicularly by the
three laser beams to avoid the Doppler broadening.
The data acquisition system including a model 4121B
Boxcar and a 9650A digital pulse generator which are
controlled by a computer is from AMETEC Company.
In order to ensure the excitation sequence 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 Boxcar and the pulse of electric field
are also carefully controlled. Namely, about 0.5 us
after the laser pulses, the ions, resulting from the ex-
citation and subsequent decay of autoionizing states,
are extracted by the pulsed electric field to an MCP
detector, the output of which is fed into the Boxcar
and stored in a computer for further analysis.

| Boxcar H computerl

oscillograph

atom beam

pulsed V

Fig.1. The schematic diagram of the experimental apparatus. It includes the excitation lasers (PDL:

pulsed dye laser), the atomic beam, and the detection-analysis systems. The atomic beam is produced

in the vacuum chamber, while the ions are detected by an MCP whose signals are averaged by a Boxcar,

and stored in a computer for further analysis.

Figure 2 shows the energy-level diagram and the ICE scheme for the Eu atom Rydberg states. With the
ICE scheme, the Eu atom is excited from the ground state 4f76s% 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.
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Finally, the atom is excited to an autoionizing
state with the transition 6st — 6p™ by the third
dye laser, avoiding the interference from the excita-
tion of the nl electron. Due to considerable interaction
with underlying continua converging to the 4f76s%
or 4f75d* ionization limit, the atom in the 4f76pnl
(I=0, 2) autoionizing state is very unstable, and de-
cays quickly into an ion and an electron to a certain
ionic state (4f76sT or 4f75d").

As the autoionization detection, in which the Ry-
dberg atom is driven to the autoionizing state and
detected via an autoionization process, can be much
more efficient and selective than the traditional de-
tection methods, it is used to detect bound Rydberg
states of the Eu stom. To our knowledge, this is
the first attempt for this complex atom. Further-
more, the three-step and three-color resonance ion-
ization schemes are applied for three different paths,
as described bellow:

7
4f76pnl (l=0, 2) M 4f 6p+

4f75d+

A3
4f76st

4f76snl (1=0, 2)

4f76s6p 8P5/5.7/2.9/2

4f76s2 857,

Fig.2. Diagram for the ICE scheme of Eu atom in the
experiment. To carry out the autoionization detection,
the wavelength of the first laser is fixed at the 47652 —
4f76s6p resonance transition, and that of the third laser is
fixed near the resonance line of 4f76sT — 4f76pt, while
that of the second laser is scanned to excite the atoms to

the 4f76snl (1=0, 2) Rydberg states.

Scheme I:
A1=459.39 nm As
57/2 —— 6s6p Pg/g 22, Gsnl (1=10,2) = 6pnl (1=0,2); (1)
Scheme II:
A1=462.71 nm A3
S7/2 —— 6s6p P7/2 22, 6snl (1=0,2) = 6pnl (1=0,2); (2)
Scheme III:
28 A1=466.18 nm s A3
S7/9 ————— 656p P55 22, 6onl (1=0,2) = 6pnl (1=0,2). (3)

The three different intermediate states, 4f76s6p
8P5/2,7/2,9/2, are used for the ICE scheme to study the
spectra of Rydberg states of the Eu atom, combined
with the autoionization detection. In the experiment,
the wavelengths of the first and third lasers are set
to one of the intermediate states and to the transition
6sT — GpT/Q, respectively, while the wavelength of the
second laser is scanned.

As the Eu atom has a half-filled 4f sub-shell in-
side the 6s shell, the spectrum of Rydberg states of
the Eu atom is expected to be much more complicated
than the spectrum of ordinary two-electron atoms. Its
energy structures may involve a greater number of ex-
citation channels, either from the Rydberg states or
the valence states. Alternatively, the main signal from
the autoionization detection may be also confused by
various disturbing signals, which are from the direct

[

photoionization process, either the one-color stepwise
or two-color stepwise process. Therefore, it is essen-
tial for us to confirm that all the peaks in the spec-
trum not only do rely on all dye lasers but also come
uniquely from the autoionization detection. Namely,
several experimental parameters, the time delay be-
tween different laser pulses, the laser intensity, wave-
length of lasers, and polarization of the lasers, must
be controlled to obtain the signal from the unique ex-
citation route. For instance, to ensure the excitation
sequence, the second and third laser pulses are de-
layed by 8-10 ns and 16-20 ns respectively with re-
spect to that of the first laser; to reduce the possible
errors of the experimental data, some efforts have to
be made: (a) measure each spectrum several times
and take the average of them to reduce the random
errors; (b) record the spectrum of an F-P etalon for



4254 Xiao Ying et al

Vol. 18

correcting the non-linearity in wavelength of the scan-
ning dye laser; (c) calibrate the laser wavelength with
the reference lines of a hollow cathode lamp. The un-
certainty of wavelength in the present experiment is

estimated as £0.10 cm~1.

3. Results and discussion

In order to confirm the feasibility of the autoion-
ization detection method, and to choose the most ap-
propriate wavelength of the third laser, it is neces-
sary to investigate the autoionization spectra of the
4f76pnl (I1=0, 2) states, relevant to the correspond-
ing Rydberg states to be detected. An example of
the many observed autoionization spectra is shown in
Fig.3, for the detection of the 4f7658s 655/2 Rydberg
state. It is obtained by scanning the wavelength of
the third laser from 428.5 nm to 455.5 nm across the
core resonance transition 4f76st J=3 or 4 — 4f76p*
J=3, while the wavelengths of the first two lasers are
set to populate the given Rydberg state.

1.0
2 0.8 .
=]
=)
< 0.6- |
]
)
5 044 1
w
=]
S 0.21 |
0

430 435 440 445 450 455
Wavelength/nm

Fig.3. The observed spectrum from the autoionization de-
tection of the 4f76s8s 65'5/2 Rydberg state. It is obtained
by fixing the A1 and A2 at 466.18 nm and 571.60 nm, re-
spectively, to populate the 4f76s8s 685/2 Rydberg state,
while that of the third laser A3 is scanned from 428.5 nm to
455.5 nm to cross the core transition 4f76sT — 4f76pt.

Since the spectrum is obtained with the ICE
scheme, its profile can be simplified as a standard
Lorentz type. Therefore, the experimental values of
peak positions and widths of autoionizing states may
be obtained by fitting the data to a single Lorentzian
profile. In other words, the values of peak position
and width of the 6}0{“/2 autoionizing state of the Eu
atom are determined by the Lorentzian profile with a
peak at A3 = 443.14 nm, and a width of 9.15 nm,
respectively. The uncertainty of the peak position
and width by fitting the Lorentzian profile, instead

of the Fano profile, is less than the previously men-
tioned experimental uncertainty (£0.10 cm™!). As
the value of the peak position has been determined
at A3 = 443.14 nm, which across the core resonance
transition 4f76sT J =3 — 4f76p* J = 3, the ioniza-
tion limit (Tp) in this work is determined at 4765753
(To = 47404.11 cm™1).

Obviously, the efficiency of autoionization detec-
tion should be proportional to the total cross section
of autoionization, whose peak matches the wavelength
corresponding to the maximum of detection efficiency.
Thus, an ideal detection efficiency may be obtained
by adjusting the wavelength of detecting laser near
the resonance peak. On the other hand, a large width
of the autoionizing state enables us to conveniently
adjust the wavelength of the laser A3 as it is not so
sensitive.

1.0
0.8 1 1
0.6 1 1
0.4 1 1

0.2 1 1
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Fig.4. The comparison of spectra of Eu 4f76snl Rydberg

states obtained with different excitation schemes. They

are obtained by fixing A1 at (a) 459.39 nm (b) 462.71 nm

(c) 466.18 nm, respectively. The A3 is fixed at 443.14 nm

while the \g is scanned from 563 to 573 nm in the case of
(a) and (b), and from 561 to 573 nm in (c).

Armed with the ICE scheme and the autoioniza-
tion detection described above, we are able to detect

the Rydberg states in any given region. Parts of the
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spectra of Rydberg states with odd-parity are shown  three different excitation schemes mentioned earlier.
in Fig.4 as examples of such observations. When the In order to make sure that every peak does rely on
wavelength of the third laser is fixed at 443.14 nm, and  all the three-color photons, the signals on the oscillo-
that of the second laser A, is scanned, the Rydberg  scope have to be examined. Namely, if the ionization
states in the region from 38900 cm~! to 39500 cm~!  signal disappears by blocking any one of the lasers, it
can be detected. is confirmed to come from the three-color stepwise au-
For a given peak in the spectra shown, its photon  toionization detection process. With this method one
energy Fs, corresponding to the wavelength of second  may detect many Rydberg states using different exci-
laser Ay of the peak, yields the energy of high-lying  tation schemes I-III. The results, as listed in Tables
states by the relation ' = FE; 4+ Fs, where F; is the 1-3, include the information about the level energy
photon energy of the first laser used in the three-color = and relative intensity, while the symbols w, m and s
stepwise process. According to the selection rules the represent the three ranges of relative intensity: from

possible J values of the peaks can be assigned for the 0 to 0.4, 0.4 to 0.7, and 0.7 to 1, respectively.

Table 1. The level energies, relative intensities, and the possible J values of odd-parity Rydberg states
obtained using excitation scheme I. The possible J values of these states are determined as 7/2, 9/2 or
11/2, according to the selection rules. The typical experimental uncertainties are estimated to be less than
+0.10 em™!, the relative intensities are normalized and classified into three ranges: 0-0.4, 0.4-0.7, and
0.7-1, marked by the symbols w, m and s, respectively.

serial number A2/nm energy/cm ! angular momentum/J intensity
1 563.68 39496.64 7/2 w
2 563.84 39491.61 9/2 w
3 564.00 39486.55 11/2 m
4 568.93 39332.73 11/2 w
5# 571.68 39248.56 7/2,9/2, 11/2 W
6 571.87 39242.62 7/2 s
T# 615.84 37994.29 7/2,9/2, 11/2 s
s# 640.15 37377.89 7/2,9/2, 112 s
9# 644.00 37284.87 7/2,9/2, 11/2 w
10% 647.04 37211.60 7/2,9/2, 112 w

# newly discovered.

Table 1 contains the spectral data for the 10 transitions obtained with excitation scheme I. Comparisons with
the data in the literaturel' indicate that 5 states in Table 1 are newly discovered. Our data show consistency
within the uncertainties with them, where the experiment was carried out with a two-step photoexcitation and
photoionization method. According to the selection rules of the transition where the Eu atom in 4f76s2 85’7/2
(J = 0) state is excited via the intermediate state 4f76s6p 8P9/2 to Rydberg states, the possible J value of the
Rydberg states can be 7/2, 9/2, or 11/2. The results shown in Table 2, give the information about the Rydberg
states with the scheme II.

Similarly, the 9 Rydberg atomic states with 4f76snl (I=0, 2) configurations excited from the same 4f76s6p
8P, /2 state are obtained, as listed in Table 2 There are 5 states which are marked with the sign “#” are newly
discovered, compared with the data in the literature.['?) According to the selection rules of the transition where
the Eu atom in 4f76s? 857/2 (J = 0) state is excited via the intermediate state 4f76s6p 8P7/2 to Rydberg
states, the possible J value of the Rydberg states can be 5/2, 7/2, or 9/2. Table 3 shows the spectral data for
bound Rydberg states, which belong to the spectra using excitation scheme III.
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Table 2. The level energies, relative intensities, and the possible J values of odd-parity Rydberg states obtained

using excitation scheme II. The possible J values of these states are determined as 5/2, 7/2 or 9/2 by the selection

rules. The typical experimental uncertainties are estimated to be less than 4+0.10 cm ™!, and the relative intensities

are normalized and classified into three ranges: 0-0.4, 0.4-0.7, and 0.7-1, marked by the symbols w, m and s,

respectively.
serial number A2/nm energy/cm ™! angular momentum/.J intensity
1 564.77 39306.25 9/2 w
2 566.00 39267.73 5/2 w
3# 566.62 39248.61 5/2,7/2,9/2 W
4 566.81 39242.61 7/2 s
5# 637.58 37284.87 5/2,7/2, 9/2 s
6# 640.57 37211.60 5/2,7/2,9/2 w
7 641.22 37195.86 9/2 w
8# 642.81 37157.27 5/2,7/2,9/2 m
g# 686.41 36169.35 5/2,7/2, 9/2 m

# newly discovered.

Table 3. The level energies, relative intensities, and the possible J values of odd-parity new Rydberg states
obtained using excitation scheme III. The possible J values of these states are determined as 3/2, 5/2 or

7/2, according to the selection rules. The typical experimental uncertainties are estimated to be less than
40.10 cm ™!, and the relative intensities are normalized and classified into three ranges: 0-0.4, 0.4-0.7, and

0.7-1, marked by the symbols w, m and s, respectively.

serial number A2/nm energy/cm ™! angular momentum/.J intensity
1 561.68 39242.63 7/2 S
27 566.80 39082.28 3/2,5/2,7/2 w
3 571.60 38933.85 5/2 s
4# 571.87 38925.91 3/2,5/2, 7/2 w
5% 594.99 38246.63 3/2,5/2,7/2 s
6% 634.04 37211.60 3/2,5/2,7/2 s
T# 636.24 37157.27 3/2,5/2, 7/2 W
8# 637.76 37119.81 3/2, 5/2, 7/2 w
9 682.23 36097.79 7/2 w
10 683.40 36072.91 5/2 w
11 684.67 36045.75 3/2 m

# newly discovered.

Table 3 contains the spectral data for the 11 tran-
sitions obtained with excitation scheme III. Compar-
isons with the data in the literaturel’! indicate that
6 states in Table 3 are newly discovered. According
to the selection rules of the transition where the Eu
atom in 4f76s% 8975 (J = 0) state is excited via the
intermediate state 4f76s6p 8P5/2 to Rydberg states,
the possible J value of the Rydberg states can be 3/2,
5/2, or 7/2. Similarly, the results shown in Table 3
give the information about the Rydberg states with
the scheme III.

Compared with the values in previous studies, 11
new Rydberg states in the same energy region is ob-
tained; our data show a good agreement within the
uncertainties with them, where the experiment was

carried out with a two-step photoexcitation and pho-
toionization method. Two possible reasons can ex-
plain why they could not be found in the previous
photoionization experiment: firstly, the states shown
in Tables 1-3 cannot be accessible if one uses the ex-
citation schemes there. Secondly, unlike the previ-
ous experiment carried out with a two-step photoex-
citation and photoionization method, a three-step au-
toionization detection method is employed here. Ap-
parently all the states tabulated in Tables 1-3 are odd
parity according to the atomic transition law of par-
ity. In this work, we not only obtain some experi-
mental values, such as the peak positions, but also
make some efforts on the relative intensities of the
states which cannot be found in previous works, and
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the angular momentum of the states, according to the
selection rules: AJ = 0,£1(0-0). For instance, the
angular momentum of No.l in Table 2 atomic state
is determined as 9/2, compared with the data in the
literature,!'®! while the possible value should be 5 /2,
7/2 or 9/2 according to the quantum theory for the
excitation scheme II.

Furthermore, some efforts also have been made
on the effective principal quantum number of these
states. As we know, the effective principal quantum
number n* is obtained from the Rydberg-Ritz formula
as (where n is not the necessary principal quantum
number, but an integer close to n*)

Rgy

nt = e 4
Ty — ERryd )

where Rp, is the mass corrected Rydberg constant
for Eu I (Rg,=109736.92 cm™~1), ERya is the energy
of the Rydberg level obtained experimentally. The
ionization limit Tj is given by

To = Ip + Eion, (5)

where Ip is the first ionization potential and FEj,, is
the energy of the ionic level at which the series is con-
verging. In this work, as we stated above, the value
of Ty=47404.11 cm~for 4f76s "S5 series limit.

Table 4 lists the possible J value and the effec-
tive principal quantum number of the bound Rydberg
states of FKu I which is obtained by fitting Rydberg—
Ritz formula.

Table 4. Energy levels, angular momentum, and effective principal quantum number of the Rydberg

states obtained in this work.

energy/cm ™! excitation scheme angular momentum/J effective principal quantum number
39496.64 I 7/2 3.725
39491.61 I 9/2 3.724
39486.55 I 11/2 3.723
39332.73 I 11/2 3.687
39306.25 I 9/2 3.681
39267.73 I 5/2 3.672
39248.56# I 11 7/2,9/2 3.668
39242.62 I, 11, III 7/2 3.667
39082.28# 11 3/2,5/2,7/2 3.631
38933.85 111 5/2 3.599
38925.91%# 111 3/2,5/2,7/2 3.598
38246.63% 111 3/2,5/2,7/2 3.462
37994.29# I 7/2,9/2,11/2 3.415
37377.89% I 7/2,9/2,11/2 3.308
37284.87# I 11 7/2,9 /2 3.293
37211.60% I, II, III 7/2 3.281
37195.86 I 9/2 3.279
37157.27# II, 111 5/2,7/2 3.273
37119.81% III 3/2,5/2, 7/2 3.267
36169.35%# I 5/2,7/2,9/2 3.125
36097.97 11 7/2 3.115
36073.01 11 5/2 3.112
36045.73 11 3/2 3.108

# newly discovered.

Examinations of the present work show that 11
states in the region from 38900 cm~! to 39500 cm ™!

and from 38900 cm ™! to 39500 cm ™! using three dif-
ferent excitation schemes, marked with the sign “#”,
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have not been reported previously. It is important
to point out that although the energy regions have
been studied in the literature, with different excita-
tion paths and different detection methods from ours,
the results are expected to be different. Apart from
the new Rydberg states, the effective principal quan-
tum number of the bound Rydberg states, which have
not been reported in the literature, are obtained by fit-
ting Rydberg—Ritz formula to the experimental data.
In addition, the possible J values of the states which
are not marked with “#” are determined by com-
paring with the data in Ref.[19], such as we stated
above. Similarly according to the selection rules:
AJ = 0,£1(0-0), comparisons between the data in
Tables 1-3 are also very meaningful. For instance,
the state at 37211.60 cm™?, the possible angular mo-
mentum is J = 7/2, 9/2, 11/2 from the excitation
scheme I while it is J = 5/2, 7/2, 9/2 from the exci-
tation scheme II, and it is J = 3/2, 5/2, 7/2 from the
excitation scheme III. Therefore, the comparison be-
tween the three excitation schemes indicates that an-
gular momentum of the state should be 7/2. Through
the comparison between the three different excitation
schemes, the angular momentum of these states are
obtained.

It is worth while to point out that our observa-
tions cover the energy ranges using autoionization de-

tection and the ICE scheme have not been reported
previously.

4. Conclusions

In this paper, isolated-core excitation and three-
color three-step resonance ionization spectroscopy
are first combined to study the spectra of Ryd-
berg states of Eu atom. The autoionization detec-
tion method with three different excitation paths via
Af7656p[*Ps /o], 4f7656p[>Pyr/o] and 4f76s6p[* Py /o]
have been used to measure the high-lying Rydberg
states with odd parity. In this work, the spectra of
bound Rydberg states of Eu atom with odd-parity
are reported, which cover the energy regions from
36000 cm™! to 38250 cm~! and from 38900 cm™!
to 39500 cm~!.
about level energies, the relative line intensity and the

The study provides the information

possible J values and obtains the effective principal
This
work not only confirms the results of many states

quantum number n* of the high-lying states.

studied in the related reference papers, but also dis-
covers 11 new Rydberg states of Eu atom. This will
enrich our knowledge on the Eu atomic spectroscopy,
and stimulate further theoretical efforts on improving
applications of the quantum theory on the complex

atomic systems.
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