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Two-step excitation and ionization processes are used to detect Sm atoms in many excited states populated with

tunable lasers. The wavelength of the first laser is tuned to the resonances from the Sm 4f%6s? 7F; (J=0-6) states

to many odd-parity states with different electronic configurations, where the atoms are detected by photoionization

process using an ultraviolet laser with a wavelength of 355 nm. Precise measurements on the energy level and intensity

for many Sm 4f% 6s6p and 4f°5d6s? states have been carried out. In a theoretical analysis on the spectral data, such as

peak position, relative intensity, many transitions can be identified as the resonances from the Sm 4f66s2 7 F; (J=0-6)

states to the atomic states with 4f56s6p and 4f°5d6s? electronic configurations. This work also reports many spectral

data on the odd-parity states that cannot be found in the literature.
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1. Introduction

In recent years, studies on highly-excited alkaline-
earth atoms have gained dramatic progress in both
experimental and theoretical aspects. The progress
can be classified into electromagnetic effects on
spectra,[l’Q] autoionization spectra,[3’4] the dynamic
characteristics of autoionization,[5] the autoionization
detection,!? and so on. However, studies on more com-
plex atoms, such as the rare-earth atoms, are much
less, especially those with complicated spectral struc-
tures. For the past decade, there have been a great
number of investigations devoted to Yb,["8l La,[9:10]
and Cel'12 atoms, while studies on Sm atoms are
scanty. There are several possible reasons for this: (a)
the Sm atom has seven isotopes; (b) its ground state
consists of seven fine-structure levels. Moreover, un-
like the heavier rare-earth atoms, such as Yb atom, the
Sm atom only has a few electrons in the 4f sub-shell.
Since the 4f electrons are much more active in the case
of Sm atom, their excitation certainly makes the Sm
spectrum much more complex than that of Yb atom.
Although there are some data on low-excited states

of the Sm atom,['3]

the general information about the
spectrum, such as relative intensities, is not available.

More recently, there have been some new works on

spectra of Sm atom, odd-parity excited state, photoionization detection

Sm atom, but they are only related to the even-parity
excited states.'*19] Based on the above facts, it is
necessary to study the odd-parity excited states of
Sm atoms. In this paper, the two-step photoioniza-
tion excitation technique is employed to systemically
measure the spectra of Sm odd-parity states with the
4f56s6p and 4f°5d6s? configurations, from which the
various spectral data are obtained. With a detailed
analysis on the data through the theoretical method,
we not only identify lots of Sm odd-parity states, but
also report many new spectral data which cannot be
found in the literature.

In the following an introduction of the experimen-
tal details will be given in Section 2. The theoretical
method will be given in Section 3. In Section 4 the ex-
perimental results and discussion are presented. Sec-
tion 5 gives the main conclusions.

2. Experimental details

As shown in Fig.1, the experimental setup con-
sists of three parts: the laser system containing a tun-
able dye laser pumped by a YAG laser; the vacuum
chamber comprising an atomic oven and an micro-
channel plate (MCP) detector, and a data acquisi-
tion system. All the lasers used in the experiments
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are manufactured by Quanta System: a Giant-770
Nd:YAG pulsed laser with pulse width 6-8ns run-
ning at 20 Hz frequency and a D-100 dye laser with
line width of 0.1ecm™'. The data acquisition system
includes a model 4121B Boxcar and a 9650A digital
pulse generator from AMETEC controlled by a com-
puter. In order to ensure the excitation sequence, the
time delays between laser pulses, the gate of Boxcar

Nd:YAG
,

-

and the pulse of electric field are carefully controlled.
The Sm atom source is from an effusive atomic beam
sprayed from a resistively heated oven in a vacuum
chamber. The atomic beam is collimated and di-
rected to a region between two electric field plates,
1 cm apart, where it is crossed perpendicularly by the

two laser beams to avoid the Doppler broadening.
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Fig.1. Schematic diagram of the experimental setup, which consists of laser, atomic beam , and data acquisition systems.

In order to fulfil the two-step excitation and pho-
toionization scheme, as shown in Fig.2, two linearly
polarized lasers are employed to interact perpendic-
ularly with the Sm atomic beam, which is extracted
from the stainless steel oven. The first laser, scanned
within a certain wavelength range, excites an Sm
atom from the 4f56s? 7 F_¢ state to many states with
4f56s6p or 4f°5d6s? configuration.

+
(LSS S 651 /9

A2=355nm

4f%6s6p, 4f55d6s>

A1

418652 TFy_g

Fig.2. Illustration of the two-step excitation and ioniza-
tion process. The Sm atoms in the 4f%6s2 7Fy_g ground
state are excited to states with the 4f%6s6p or 4f>5d6s?
configurations followed by photoionization.

The second laser whose wavelength is fixed at
355nm makes a further step to detect the excited
atoms by photoionizing them. About 500 ns after the
laser pulses, a pulsed electrical field is used to push
the ions to move towards the MCP detector so as to
avoid the Stark effect in the process. The ion signals
are integrated and averaged with a Boxcar, the output
of which is stored in a computer for further analysis.
To ensure the accuracy of the experiment, some ef-
forts have to be made to reduce the possible errors.
Specifically, a hollow cathode lamp and an F-P etalon
are used for calibrating the laser wavelengths.

As described earlier, as long as the total energy
of the two photons is set higher than the ionization
limit of the Sm atom, the excited atoms can be de-
tected. Note that the Sm atom has seven isotopes and
This
causes following difficulties: (a) dilution of the tran-

seven fine-structure levels in its ground state.

sition probability for the Sm atoms makes the spectra
more complicated; (b) several excitation routes occur
in the same excitation scheme, leading to the mixed
spectra originating from 3\;, A14+2XA1, 21 + A1 and
so on.['0] Therefore, it is essential to differentiate and
eliminate these disturbing signals. In other words, we
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must control the timing, intensity, wavelength, and
polarization of the laser pulses to guarantee that the
signal comes from the unique excitation route. For
example, it is useful to check the signal by tuning the
first laser while fixing the second laser (detecting laser)
at 532nm. If there is no signal under this combination
for photon energy while manipulating the intensities
of two lasers, then with a detecting laser at 355 nm un-
der the same condition we almost make certain that
the signal originates from the atoms absorbing only
one A; photon. On the other hand, in order to make
sure that Sm atoms are excited according to the exci-
tation process shown in Fig.2, it is very important to
control the time delay between the two laser pulses to
delete some unwanted signals and to guarantee that
the signals do come from both lasers, used.

3. Theoretical method

In the experiment, the Sm atoms in odd-parity
states are detected in the photoionization process, re-
sults of which yield a great deal of information includ-
ing level energy and relative intensity of spectral lines.
By a detailed analysis of the observed spectra using
the theoretical method, we not only identify many Sm
atomic states but also obtain some new spectral data.

As we all know, the determination of wavefunc-
tions of the Sm atom is a real many-body prob-
lem. Namely, the calculation on the transition matrix
elements!'” is a very difficult task due to the com-
plex structure of the Sm atom. Although the angular
part of the wavefunction, related to 1 and m quantum
numbers, can be determined, the radial part of it is
difficult to calculate due to complicated form of the
potential function.

Once the information about the potential func-
tion is available, the radial part of the wave-

function, in principle, can be obtained. If
the atom is composed of N electronic configura-
tions (n1l1)N* (nalo)™2....(n,0,)N", then the atomic

Hamiltonian® can be expressed as

N N 5 2z 2
H:_Z(vi—’_ri)—’_z’/‘“

i=1 ity Y

+Zsi(li -8, (1)

where r; is the orbit radius of the ith electron, Z is
the atomic number, r;; is the distance between the ith
electron and the jth electron, l; and s; are the orbit

angular momentum and the spin angular momentum

of the ith electron in the sub-shell (n;l;) respectively.
N

The energy of the atom can be written as F = Y &;,

i=1
where ¢; is the binding energy of single electron, and

can be derived by the self-consistent theory.
In order to analyse the intensity of spectral lines,
it is helpful to introduce the expression of the line in-

tensity as!1]

Ii=T =Y [(kMy|er|iM;)[*. (2)
M; My,

Here, the degeneracy of energy levels is consid-
ered, and magnetic quantum numbers M and M;
correspond to k and ¢ energy levels, respectively. It is
evident that the line intensity can be evaluated once
the wavefunctions are known. Usually, this requires an
effective method for solving a many-body problem. 2!
By separating the related electrons in a given system,
a complex many-electron problem can be simplified to
a single-electron problem and thus can be solved.[?:22]
With the known wavefunctions, one can rewrite

the line intensity as
I =e(Re|P|Rg) (L'S"J' M/ cos§| LSTMy), (3)

where R, and R, refer to the radial wavefunctions of
the initial and the final states of Sm atom respectively,
and (L'S"J' M |cos 0| LSJM ) is an angular integral.
Using the well known expression

ILSTMy) = Y C(LSJ;MpMsM,)|LSM;Ms)

Mp,Ms

L S J
=y |LSMpMs),
My NMp Ms My (4)

where C(LSJ; My MgMj) is the Clebsch—Gordan co-
efficient, the integral can be calculated. It is important
to point out that the calculation of spectroscopic data
for Sm atom is one of the most complicated among
the lanthanide atoms, due to the strong configuration
mixing from the 4f electrons.

Since this experiment provide only the informa-
tion of the relative intensity of spectral lines, the
following theoretical analysis will only deal with the
problem of relative intensity. According to the selec-
tion rules for the quantum number L, the line intensi-
ties can be classified into three cases, corresponding to
AL = +1 and AL=0. However, since the intensities
of a multiplet are determined by the levels between
which the electron jumps and not by the direction of
the jump, the line intensities for the AL = —1 tran-
sitions can be determined if the line intensity for the
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AL =1 transitions is known, using the symmetry be-
tween the initial state and the final state. Therefore, it

is only necessary to list the formulas for the two cases

corresponding to AL = 1 and AL = 0.[2?l For each
AL case, there are three values of AJ, so six formulas
may be expected. For AL = 1 case, we havel?!

; (6)

a. J—1—>J
I_D(L+J+S+1)(L+J+S)(L+J—S)(L+J—S—1).
= i :
b. J—J
I_7D(L+J+S+1)(L+J—S)(L—J+S)(L—J—S—1)(2J+1)
N J(J+1)
c. J+1—J

I =

 DIL-J+8)(L-J+S-1)(L—-J-S—-1)(L—-J-S-2)

- (7)

J+1

Obviously, the common quantity D is not necessary to calculate if we only concern the relative intensity of

spectral lines. For AL = 0 case, we havel?3]
d.J-1—-J

[ BLAT+S+)L+T-S)(L-T+S+D(L-J=S)

; (8)

e. J—J

BIL(L+1)+J(J+1) = S(S+1)]* (2] +1)

J i

I =

; 9)

J(J+1)

f.J+1—=J
I =

CB(LAJ+S+2)(L+T-S+V)(L—J+S8)(L—J—S—1)

Similarly, the common quantity E is also not nec-
essary to calculate if we only concern the relative in-
tensity of spectral lines.

4. Results and discussion

In this section we will display the experimental
results and give a necessary analysis with the theoret-
ical method described in the previous section. Figure
3 displays the ionization signals as a result of scanning
the first dye laser in the wavelength range 442—465 nm
when the second laser is set at 355 nm.

In the process of obtaining this spectrum, one
must reduce the light intensity of the first laser to
ensure no signal sent out while blocking the second
laser. In addition, we carefully control the experimen-
tal settings in order to obtain the information about
the relative intensity of spectral lines, which can be
used as an additional tool for identifying transitions.
For instance, the strongest line in Fig.3 can be identi-
fied as the transition from the 4f%6s? 7F} state to the
4f55d6s? "G, state. With a detailed analysis, one may

. (10)

J+1

[

recognize all the transitions in the spectrum, spectral
data of which can be obtained as listed in Tables 1-3.

1.04
0.8
0.6 1
0.4 1

0.2+

Intensity/arb. units

0 T T T T 1
445 450 455 460 465
Wavelength /nm

Fig.3. The Sm spectrum of the states with 4f6s6p or
4£55d6s2 configuration.

Figure 4 exhibits another spectrum of the excited
states with 4f%6s6p or 4f°5d6s? configuration. The
experimental settings are the same as those used for
the spectrum shown in Fig.3 except for sweeping the
first laser from 485 to 530 nm. The spectral data of
some identified transitions in this wavelength region

are given in Tables 2 and 3. In order to obtain a
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better spectral resolution, we not only carefully op-
timize the line-width of the laser, but also adopt a

high-resolution rate of scanning.
1.07
0.8
0.6

0.4

Intensity/arb. units

0.24

hesimnd

0 T T T T .
490 500 510 520 530

Wavelength /nm

Fig.4. The Sm spectrum of the states with 4f%6s6p or
4£55d6s? configuration with longer wavelengths.

As mentioned above, because energy structures of
Sm atoms are extraordinarily complicated, the ther-
mal population introduces many disturbing signals in
the spectra. Therefore, we have to make a great effort
to distinguish these disturbing signals in order to ob-
tain exact information about the Sm atom. Figure 5,
for instance, shows a spectrum obtained by scanning
the first laser alone from 480 to 500 nm without a de-
tection laser. The wavelengths of four peaks in Fig.5
indicate that Sm atoms must be ionized by absorbing

three photons from the same laser.24
1.0
) 488.35
2 087 491.03
= 484.79
'S 0.6 1
< 494.55
=
= 0.4
w
=i
g
S 0.2
..)_JLM
0 T T T ]
480 485 490 495 500
Wavelength/nm

Fig.5. A portion of the single-colour three-photon reso-
nance spectrum of the Sm atom.

Keeping the above fact in mind, we have to care-
fully control the light intensity of the first laser to
make the signals shown in Fig.5 disappear. Further-
more, as described in Section 2, we have to use a

532nm photon instead of 355nm photon as our A
in order to check and avoid the signals from 2A; + A
process. With the above confirmation, it is certain
that signals shown in both Figs.3 and 4 are from the
A1 + Ao process only.

Now, let us turn to discuss the spectral data in
Tables 1 to 3, which are tabulated according to the
With the

selection rules of both parity and angular momenta of

J value of the initial states of transitions.

a transition as well as a reliable calibration on wave-
length as stated in Section 2, we are able to identify
the states with configurations 4f°6s6p and 4f°5d6s? of
Sm atoms by matching the wavelengths of transitions.
In addition, the relative intensities of transitions also
enable us to recognize some spectral lines. In all the
tables shown below, the uncertainty of wavelengths is
£0.01 nm, and the relative intensity is normalized and
classified into three ranges: 0-0.3, 0.3-0.6, and 0.6-1,
marked by A, B and C|, respectively.

Table 1 contains the spectral data for five pos-
sible transitions from the same initial state. As the
J =0 — J = 0 transition is forbidden, for an Sm atom
in 45652 "F; (J=0) state only states with angular
momentum J=1 are accessible. Although these transi-
tion lines can be deduced from the selection rules, their
intensities are quite different. For instance, the expec-
tation that transition satisfying AL = AJ should have
a higher intensity is confirmed by the fact that the in-
tensity of the transition to the 4f°6s6p “G; state is
much higher than that to the 4f%6s6p "I state.

Table 1. The observed spectra from the 4f56s2 7 Fy
state providing information on wavelength, intensity,
and energy levels.

A1/nm Label E/cm™1! Intensity
430.09 4£55d6s2 TG4 23243.84 B
436.27 4f%6s6p Gy 22914.07 B
448.01 4f%6s6p 7 Fy 22313.63 A
497.58 4£55d6s? 5 Fy 20091.03 B
526.57 4£%6s6p ° Iy 18985.70 B

Let us see a more complicated situation as shown
in Table 2, where spectral data of 11 possible transi-
tions to states with 4f%6s6p or 4f°5d6s? configurations
from the same 415652 7F} state are listed.



3660 Guan Feng et al

Vol. 17

Table 2. The similar information to that in Table 1, but
for the transitions from the 4f66s2 7 F} initial state.

A1/nm Label E/cm~1! Intensity
432.97 4£55d6s2 "Go 23380.75 C
435.57 4£55d6s? TG 23243.84 B
441.92 4£56s6p "G4 22914.07 B
450.32 4£55d6s2 5Qa 22491.94 C
464.52 4f86s6p " Do 21813.22 C
478.28 4f86s6p 7 D1 21193.68 C
504.94 4£55d6s? ° I 20091.03 B
515.72 4f86s6p ° Fy 19677.46 B
534.81 4f6s6p ° Fy 18985.70 B
554.86 4£55d6s2 T Fy 18309.02 B
570.67 4f86s6p 7 Fy 17810.85 B

It is very helpful to check the experimental re-
sults by calculating the line intensity according to the
theory described in Section 3. For example, if we let
I, denote the line intensity to the 4°5d6s? °Gy state
(L=4, S=2, J=2) and I» denote the line intensity to
the 4f%6s6p "G state (L=4, S=3, J=1), then Eqgs.(5)
and (6) in Section 3 yield I;=432D, and I,=162D,
respectively. Obviously, the theoretical values agree
well with the experimental results shown in Table 2.

When the initial state of the excitation has a
higher J wvalue, the situation is getting more com-
plicated. There are 14 possible transitions from the
41565 "F, state, spectral data of which are listed in
Table 3. We have carried out a similar calculation,
as for Table 2, and again the theory agrees well with
the measurements. Specifically, let I3 be the inten-
sity of the transition 4f56s* 7F, —4f%6s6p °F3 (L=3,
S=2, J=3), and I, be the intensity of the transition
4f%6s% TFy —4f°5d6s? TFy (L=3, S=3, J=2). Equa-
tions (8) and (9) in Section 3 yield the results match-
ing the relative intensities listed in Table 3.

Table 3. Information for the transitions from the
49652 7 F, state.

A1/nm Label E/cm™! Intensity
442.94 4£55d6s? 7Qa 23380.75 C
445.65 4£55d6s2 "G 23243.84 B
452.29 4f%6s6p Gy 22914.07 B
458.13 4f86s6p " D3 22632.30 B
461.11 4£55d6s2 Qo 22491.94 B
478.59 4f55d6s2 °F3 21700.89 B
490.48 4£86s6p "D 21193.68 B
508.83 4£56s6p ° I3 20459.30 B
518.56 4£55d6s? ° I 20091.03 B
527.14 4f55d6s? "Gz 19776.97 C
534.92 4f55d6s2 T F3 19501.27 A
556.12 4155d6s2 T Fy 18788.08 A
565.96 4£55d6s2 "I 18475.28 B
574.63 4%6s6p °G3 18209.04 C

For the information of spectral lines excited from
the 4f%6s® "Fj3 state and from the 4f%6s® "Fj state,
they are given in Tables 4 and 5, respectively. For
Table.4, we take two lines as an example to check the
results. Let I5 represent the line intensity of the tran-
sition to the 4°5d6s? "G5 state (L=4, S=3, J=3) and
Is represent the line intensity of the transition to the
4f55d6s% "Gy state (L=4, S=3, J=2), then Eqs.(6)
and (7) in Section 3 provide the calculated results
which agree with the measurements.

Table 4. For the transitions from the 4f%6s2 7 F3 state.

A1/nm Label E/cm™! Intensity
447.03 4155d6s% "Gz 23852.43 B
453.21 4155d6s2 TGa 23546.54 A
467.07 4£55d6s2 5 Fy 22893.05 B
472.82 4f86s6p " D3 22632.30 B
491.87 4£56s6p " Do 21813.22 B
494.61 4£55d6s2 5 F3 21700.89 cC
518.70 4£55d6s2 5 Fy 20762.82 B
555.01 4£55d6s2 7 F3 19501.27 B
564.72 4f%6s6p 7 Fy 19191.64 C

If we use the data in Table 5 as an example, it
is interesting to confirm that the AS=0 rule is no
longer valid for the Sm atom, indicating a strong ef-
fect from orbit-spin couplings. Examination of Tables
1-5 indicates that the 4f%6s6p °F3 state is always ex-
cited, although atoms are in different initial states, as
shown in Tables 1-5. On the other hand, this fact can
be turned into a tool for verifying the consistency of
the present experiment by examining the same final
state from many different initial states. If the mea-
sured wavelengths and relative intensities are all in
accordance with the theoretical results, then one may
be confident that the experimental results on spectral
data are entirely reliable.

Table 5. From the 4f6s? 7F, state, the observed

spectra provide information on wavelength, intensity,
and energy levels.

A1/nm Label E/cm~1 Intensity
453.36 4f%6s6p 7 D5 24323.51 C
468.84 4f56s6p "Dy 23594.84 C
484.81 4f55d6s2 5 Fy 22893.05 C
511.72 4f%6s6p O F; 21809.74 B

Finally, it is important to point out that many
transition spectral lines observed in the present work
may be not found in the literature. Their spectral
information, including transition wavelength, relative

intensity, and spectral designations are not available.
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In order to eliminate any possibility of accidental ex-
citation by one laser alone, we have performed many
tests to confirm that all the ionization signals originate
from the A1 + Ao process. At the same time, we have
carried out the experiments to verify the spectral data
over and again to ensure that the data reported here
are genuine. The final experimental results are tabu-
lated in Table 6, including the transition wavelength
and line intensity.

Table 6. Wavelength and intensity of transitions from
the ground state to the odd-parity excited state.

Since the data shown here have never been re-
ported, we believe that they come from the transitions
of the 4f electrons. The electrons in the sub-shell are
quite active, and are easily excited by a photon with
a visible wavelength. For this reason, their excitation
may heavily disturb the transitions of valance elec-
trons in the outer shell, leading to a complex spec-
trum. To obtain a best understanding about these
spectral data and to label these transition to certain
final states correctly it is necessary to carry out a com-
prehensive theoretical study.

5. Conclusions

A systematic study on the odd-parity excited
states of Sm atom has been carried out with two-step
excitation and photoionization. The energy levels of
many odd-parity excited states with the 4f%6s6p and
4f55d6s? configurations excited from different initial
states have been identified. The relative intensities of
these transitions have been measured, which agree well
with the theoretical results. In addition, many new
spectral data, including the transition wavelength and
relative intensity, are obtained. Their spectral identi-
fication requires a more detailed theoretical study.

A1/nm Intensity A1/nm Intensity
418.43 C 453.73 B
421.91 B 454.98 A
428.32 B 459.65 A
429.89 C 471.84 B
431.36 A 476.00 C
431.92 B 504.41 A
432.42 A 512.19 A
433.89 C 525.16 A
435.05 B 551.58 B
443.28 B 557.47 C
444.22 B 562.13 B
445.90 B 564.14 A
449.87 B 565.26 A
452.23 B 567.84 B
452.71 A 574.08 B
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