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The channel interactions between the Ba 6pnl (J=1) autoionizing series with different [ and n have been observed

by means of unsaturation and saturation excitation methods. The observed interactions were interpreted with the

spectral density calculated from the multichannel quantum defect theory, the results of which are quite satisfactory.
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1. Introduction

The channel interaction of autoionizing series
in an alkaline-earth atom reveals the perturbation
between the valence electrons of the alkaline-earth
atom. Thus, analysis of channel interaction is a cru-
cial method for interpreting this physical mechanism.
Generally speaking, there are two types of channel
interactions in the autoionizing series that embed in
several continua.[!! The first type is the interaction of
autoionizing states with the continua, which results
in a larger width of an autoionizing state. The second
type is the interaction among the autoionizing states
with different n and [, leading to complex structures
on the spectra of autoionizing states. In this paper
we focus on the second type of channel interaction for
the Ba 6pns (J=1) series. For the Ba 6p3/sns (J=1)
series, Cooke and Cromer!?! have observed the interac-
tion of the 6p3/,12s state with the higher n members
of 6py /onl (J=1) series. Recently, Lu et all®¥! observed
the interactions of the lowest 6ps,/,ns states (n=8-11)
with the 6p; /;ns and 6p; ond states. However, all of
the above-mentioned 6p3/yns states are located below
the 6p; /5 ionization threshold. Here, we report on the
first observation on the interactions of 6ps/;nl states
located above the 6p; /5 ionization threshold. Further-
more, since the channel interaction is a mutual effect,
the higher n members of the 6p; /ons series will reflect
the impact from the lowest n 6p3/ons states. There-

fore, in order to explore these interactions we have

made a first attempt to excite the saturation spec-
tra of the 6p; /ons states. On the theoretical side, the
multichannel quantum defect theory (MQDT) com-
bined with R-matrix calculation has played an im-
portant role in studying autoionizing state, and has
had great success in several aspects, such as the cross
section of autoionizing states, branching ratio, angu-
lar distribution of electrons ejected from autoionizing
states[* 9 and the Stark structure.[”8! Here, we uti-
lize a 13-channel MQDT model to analyse the channel
interactions of 6pns states by calculating their spec-
tral density or channel mixing coefficient. The agree-
ment between the experimental and theoretical results

is quite satisfactory.

2.Experimental observations

The experimental apparatus is similar to those

[9:10] g6 only the

described in the previous works,
main features relevant to this experiment are de-
scribed here. The apparatus includes several parts
for electrothermal atomization, laser resonance exci-
tation and ion signal collection. The Ba atom beam
is extracted from a resistively heated oven, and inter-
acts perpendicularly with the laser beams from the
three Nd:YAG laser-pumped dye lasers, which typ-
ically have an energy of 100uJ and a linewidth of
0.5cm ™!,

quickly decays into an electron and an ion. In order

The atom in the 6pns autoionizing state

to collect the ion signal, a 100V pulsed electric field
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is applied to the two parallel plates. Finally, the ion
signal is detected by a microchannel plate (MCP) de-
tector.

In this experiment we used two efficient experi-
mental methods for observing the channel interaction
of autoionizing series. The first method is to excite
the normal spectrum of the autoionizing state with the
lower laser power of the third laser. In order to obtain
the 6pns spectrum, the three dye lasers are all linearly
polarized in the same direction so that Am ;=0 and
|AJ|=1 hold for each step of the transition. Particu-
larly, the first two lasers excite the Ba atom from the
6s2 1Sg ground state to the different 6sns 1Sq Rydberg
states via the intermediate 6s6p 'P; state, while the
third laser excites the other valence electron from the
6s to the 6p ionic state. In the third step of excita-
tion, if the power of the third laser is kept at a proper
value, the Rydberg electron will not transit and will
remain a spectator, which performs the so-called iso-
lated core excitation (ICE) scheme. In most cases,
the ICE spectrum exhibits a nearly Lorentzian profile.
However, the spectrum of the interacting autoionizing
state will exhibit some complex structures. Thus, this
method enables us to observe the channel interaction
of the autoionizing series. The second method we used
is to examine the saturation spectrum obtained with
the high power of the third laser. In other words, to
saturate the 6s—6p; /o transition, we deliberately in-
creased the power of the third laser about 50 times.
In this case, the energy absorbed by the Rydberg elec-
tron can no longer be neglected due to the high power
of the third laser, resulting in the appearance of many
satellite peaks in the wings of the main Lorentzian
profile. Since the features of satellite peaks in the sat-
uration spectrum can provide important information
about the autoionizing series, the saturation excita-
tion method has been an efficient tool for observing
the channel interactions.!!]

In this paper, the spectrum of the 6p3/315s
state and the saturation spectra of the 6p;/519s and
6p1/231s states are taken as examples to illustrate
how to use the two methods mentioned to investi-
gate the channel interactions. To demonstrate the first
method, an example of many experimental spectra is
shown in Fig.1(a), which is obtained by driving the
6s15s'Sg —6p3/215s transition. This non-Lorentzian
profile indicates that the 6ps,/,15s state is affected by
the other 6pnl members. As is known, for the odd-
parity J=1 series there are five channels converging to

the 6p; /2 and 6p3,; thresholds, namely the 6p; jon81 /2,

6p1/2nd3/2, 6p3/2n81 /2, 6p3/2nd3/2 and 6p3/2nd5/2
channels. Since the 6p3/,15s state lies above the 6p; /o
threshold, only the 6pz/3nds s and 6ps/onds 2 chan-
nels may generate the complex structures on the spec-
trum of 6p3/215s state. With the second method, an
example of many observed saturation spectra is shown
in Fig.2(a), which is obtained by exciting the 6s19s
13, Rydberg state with higher power. This saturation
spectrum covers many 6py/ans states with n=16-27.
In order to identify these 6p;/yns states, the unsat-
urated spectrum of the 6p;/»19s state is taken as a
The fact that there

is no additional feature on each n peak in Fig.2(a) in-

reference, as shown in Fig.2(b).

dicates that the 6p; ,ns series does not interact with
the 6p; /ond series. Hence, there are only the interac-
tions between the autoionizing series converging to the
different thresholds, i.e., the interaction between the
higher n members of the 6p; /ons series and the lowest
n members of the 6pz/;ns states. Figure 2(a) shows
that the saturation spectrum of the 6p;,;31s state is
superimposed on a base signal, which is due to the
interactions of the higher n members of the 6p; /ons
series with the 6p3z,,12s state. This is clear evidence
that the 6ps/212s state indeed affects the higher n

members of the 6p;/sns series.
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Fig.1. Interpretation of the interactions of the

6p3,215s state with the 6p3/ond 3/ and 6p3/ond 5/
states. (a) The experimental spectrum of the 6p3/215s
state. The sharp peaks in the observed spectrum are
the two-photon-transition signals from the third laser,
and can serve as frequency markers. (b) The calcu-
lated spectrum of the 6p3z /5 15s state from a 13-channel
MQDT model. (c), (d) The spectra of A%2 and A%S,
corresponding to 6p3/pndz/; and 6ps/pndz/p chan-

nels, respectively.
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Fig.2. The saturation and unsaturation spectra of the

6p1/219s state. (a) The saturation spectrum of the

6p1/219s state. The spectrum covers many 6py/2ms
states with n=16 to 27. (b), (c) The experimental and
calculated 6p; /219s unsaturation spectra. A compari-
son between them shows that the experimental results

are in good agreement with the results from MQDT.

3. Theoretical analysis

Further investigation of interactions motivates us
to calculate the channel mixing coefficients of the five
channels converging to the 6p;;; and 6p3/; thresh-
olds. The channel mixing coefficient and cross section
for the Ba J=1 autoionizing state can be calculated
with a 13-channel MQDT model, whose parameters
Since the MQDT is
well documented, we only describe the main equa-
There are 13 chan-
nels existing for the J=1 autoionizing series, namely
the 681/2”13'1/2, 6s1/2np3/2, 5d3/2np1/2, 5d3/2np3/2,
5d3/2nf5/27 5d5/2np3/2, 5d5/2nf7/2,
6p1/2ms1/2, 6p1/2nds/2, 6ps/ansije, 6psjands/e and
6p3/2nds /2, which converge to the 6s/2, 5ds/2, 5ds/2

are similar to those in Ref.[12].

tions to be used in our study.
5d5/2"f5/27

, 6p1/2 and 6p3 /o thresholds. These dissociation chan-
nels are labelled as =1 to 13. In MQDT, the spectral

[13—15]

density or square of channel mixing coefficient

corresponding to the ith dissociation channel is deter-

P=) 4l (1)

A;, are

mined by

where p refers to the collision eigenchannel.
the coefficients in the wavefunction of the collision

eigenchannel, and can be expressed as
1
A;p = Fp za: Uin cos|[m(v; + ua)]B((xp), (2)

where v; is the effective quantum number for a closed

channel, and is replaced with —7, for an open chan-

U:ZU]C. (4)
Je

Here fws is the photon energy of the third laser, and
D, is the corresponding reduced transition matrix el-
ement. The first sum in equation (3) is only taken
over the open dissociation channels corresponding to

the ionic states.
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Fig.3.
the higher n members of the 6p;/yns series and the

Manifestation of the interactions between

6ps3,212s state. (a) The saturation spectrum of the

6p;/231s state. The base signal is due to the admix-

ture of the 6pz/;12s state. (b), (c) The spectra of A2

and A2, corresponding to 6p1/2ms1/2 and 6p3/ans /o

channels, respectively.

Two examples of many calculated 6p;/,ns and
6ps/ons spectra are shown in Figs.1(b) and 2(c), re-
spectively. The results of comparison between the the-
oretical and experimental spectra show that the the-
ory is in good agreement with the experiment. Al-
though the combination of R-matrix with the MQDT
3-6] there has

been little concentration on the analysis of channel

has had great success in the Ba atom,'

interaction. With the correct MQDT parameters we
take a further step to study the channel interactions of
the 6pns series by calculating the corresponding spec-
tral density A%. The calculated results of A?(i=9-13)
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show that the interactions of the 6p3z/,15s state with
the 6p; /ons and 6p; ;ond3 /o channels can be neglected,
and interactions with the 6pz/;nds,/; and 6psz/z2nds /o
channels prevail, as shown in Figs.1(c)—(e). Compar-
ing these figures with either experimental or calcu-
lated spectra, one may conclude that the main peak in
the 6p3/215s spectrum is due to the contribution from
the 6p3/ons channel, while the contributions from the
6p3/2ndz 2 and 6pz/ands/z channels lead to the sub-
sidiary peaks on both sides. With the knowledge of the
6p3/ond and 6ps/ons series, the peak on the red side
can be attributed to the admixtures of 6p3/,14ds3/s
and 6p3/o14ds /o states, and those on the blue side to
the mixtures of 6ps/,15d;/, and 6ps/515ds /o states.
Similar observations and calculations also have been
carried out for the 6p3,;13s and 6p3/,14s states, the
results of which are satisfactory to the same degree.
For the 6p;/ons series, the interaction observed in
Fig.3(a) can be confirmed with the spectral density
A2 and A%, as shown in Figs.3(b) and (c). With

these results one may conclude that the base signal is

due to the admixture of the 6psz/,12s state. Further-
more, both the observed spectrum and the theoretical
results demonstrate that the most strong admixture
occurs in the 6p; /»31s state. The spectrum of A2 also
confirm that the 6p;/ons series hardly interacts with
the 6py/onds/, series, which is evident in Fig.2(a).

4. Conclusions

In summary, we have employed an ICE method
to study the 6p3/,ns states above the 6p,/, threshold,
whose interactions with the 6p3/,nd states are evident
in the observed spectra. No interaction between the
6p1/ons series and the 6p;/pnd state is observed. In-
teraction between the higher n members of the 6p; /ns
series and the 6p3/,12s state is observed using the sat-
uration excitation method. All the observed channel
interactions are well interpreted with the MQDT. A
systematic study of the spectroscopic properties of the
Ba 6pns (J=0,1) autoionizing series, including energy
positions and autoionization rates, is in progress and

will be presented elsewhere.
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