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Deexcitation of metastable Ba + 

T. G. Walker and K. D. Bonin 
Department of Physics. Princeton University. Princeton. New Jersey 08544 

(Received 7 March 1988; accepted 18 April 1988) 

This is a study ofthe deexcitation mechanisms of the metastable 5 2D3/2 state ofBa+ in about 
1 atm He buffer gas in the temperature range of 500--650 ·C. The ions were produced by three
photon ionization with light tuned to a resonance between two excited states of Ba, enabling 
the electron density to be varied independently of the temperature and pressure. The 
deexcitation is dominated by superelastic scattering of electrons with a cross section of Use 

= 45 + 20 A 2 (corresponding to an electron-impact excitation cross section of 11 A 2 ) and 
quenchlng by Ba atoms with a cross section of U Ba = 130 ± 25 A2. No dependence of the 
deexcitation rate on He density was detected, and we infer an upper limit on the cross section 
of uHe ,;;;9 X 10-22 cm2

• 

I. INTRODUCTION 
Recently there has been considerable interest in the 

deexcitation mechanisms of metastable states of important 
metal-vapor lasers, such as the copper-vapor laser! and the 
barium-vapor laser.2 In both these lasers the slow deexcita
tion rates of the metastable states limit the laser efficiency. 
Also, in order to scale up the lasers to higher powers a 
knowledge of the physics of the metastable relaxation is re
quired. An energy-level diagram for Ba + is shown in Fig. 1. 
Its structure is similar to both Ba and Cu, and lasing has been 
observed on its cross-fluorescent branches. 3 In addition, 
Ba + is a popular ion to study for many experiments because 
of its optical resonance lines. Clearly any experiment which 
utilizes the interaction of Ba + with resonance light from a 
lamp or laser will be affected by the deexcitation of the meta
stable states. 

We report here measurements of the deexcitation rates 
of the Ba+(5 2D3/2 ) state in He buffer gas at densities of 
about 1 amagat and in the temperature range of 500-650 ·C. 
We find that an important deexcitation mechanism is super
elastic scattering with the electrons in the plasma, i.e., 

e- +Ba+(5 2D 3/2 )-+e- +Ba+(6 28 1/2 ) +!lE, (1) 

where !lE = 4674 cm -I is the excitation energy of the 
Ba + (5 2 D3/2 ) state. Using the principle of detailed balance, 
we deduce an electron-impact excitation cross section of 
11 ± 4.9 A 2• After subtracting off the contribution of super
elastic collisions, we find that the remainder of the deexcita
tion is due to collisions with neutral Ba atoms, i.e., 

Ba + Ba + (5 2 D3/2 ) -+ Ba + Ba + (6 281/2) + !lE, (2) 

and we obtain a cross section of U Ba = 130 ± 25 A2. This 
large cross section is reasonable due to the low energy of the 
5 2D3/2 state and the repulsive nature of the lowest 2'i,t po
tential curve of Ba2+ . Finally, we observe no dependence of 
the deexcitation rate on the He density, and we infer an up
per limit on the deexcitation cross section of u He ,;;;9 X 10-22 

cm2
• 

II. CREATION AND DETECTION OF Ba+ 

In order to study Ba + in He as unambiguously as possi
ble, we produced the Ba + by photoionization. This allowed 

for variation of the electron density independent of the He 
density or the Ba density. 

An efficient way to photoionize Ba is to use a multipho
ton process with one or more resonant intermediate steps. 
For this experiment the doubled output of aNd: Y AG laser 
( ;:::; 250 mJ /8 ns) was used to pump a rhodamine 590 tunable 
dye laser (bandwidth;:::; 15 GHz). Energies of up to lOOmJ/ 
pulse were obtained at 5513 A, the wavelength correspond
ing to the 6s6p 1 PI-5d 6d 3 D2 transition in Ba (see Fig. 2). 
Although this is not resonant with any atomic Ba transitions 
originating with the Ba ground state, a large amount of vis i
ble fluorescence was observed when this light was put into an 
oven (described in Ref. 4) containing Ba vapor and He gas at 
a temperature of 500--600 ·C. This fluorescence was found to 
be due to neutral Ba transitions, the strongest of which have 
the 5d 6d 3 D2 state for the upper state, although many transi
tions from other states were observed. The duration of the 
fluorescence was about 500 ns. Metastable Ba + ions were 

22951--- 6 2p3/2 

4935A 

2 0-.1.....-- 6 81/2 

FIG. 1. Low-lying states of Ba +. Energies are in em -I. 
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FIG. 2. Energy levels relevant to the Ba photoionization process. Energies 
are in em-I. 

readily observed by exciting the Ba+5 2D3/2-6 2PI/2 transi
tion with a tunable dye laser and observing the resulting 

4935 A fluorescence due to the 6 2P1/2- 6 2S1/2 transition. 
Estimates of the ion density will follow later in this section. 

The efficiency of the above photoionization process in
creases with increasing He pressure, suggesting that the ioni
zation mechanism is as follows. Ground state Ba atoms ab
sorb a photon during a collision with a He atom. The 
resulting BaHe excited state then dissociates or is broken up 
in a collision with another He atom, leaving the Ba atom in 
the 6s6p I PI state. The 6s6p I P I-5d 6d 3 D2 transition is easily 
saturated by the resonant laser light. Finally ionization oc
curs with the absorption of a third laser photon from the 
5d 6d 3 D2 level. 

The experimental setup is shown in Fig. 3. As men
tioned above, the pulsed dye laser output at 5513 A ionized 
the hot Ba vapor in the center of the oven. A barium hollow
cathode lamp, the absorption of which served to measure the 
Ba +6 2S1/2 density, was focused into the cell through a dich
roic mirror. Upon exiting the cell another dichroic mirror 
separated the laser from the lamp, and the lamp was focused 
onto the slits of a 0.3 m monochromator, which isolated the 
4935 A resonance line and prevented saturation ofthe pho
todetector by the strong atomic fluorescence at other wave
lengths in the first 500 ns after the laser pulse. To detect the 
Ba+52D3/2 state directly a cw dye laser (;:::::1 mW) was 
tuned to the Ba+5 2D3/2-6 2PI/2 transition at 6499 A and the 
resulting fluorescence at 4935 A was detected in the same 
manner as the lamp. This laser beam was also reflected into 
the cell by the dichroic mirror. The output of the photomul
tiplier tube mounted at the output slit of the monochromator 
was fed to an amplifier of bandwidth 300 kHz and sent to a 
transient digitizer/signal averager. The resulting waveforms 
were then analyzed using a microcomputer. 

Ba 
lamp 

-649.9nm 

To electronics 

Monochromator 

FIG. 3. Arrangement to measure the processes in a Ba + plasma in He buffer 
gas. 

Two measurements of importance for the experiments 
were the Ba number density and the electron number den
sity. The Ba number density was determined by measuring 
the temperature of the cell with a chromellalumel thermo
couple and using the known vapor pressure curvess to obtain 
the number density. This procedure was confirmed by mea
suring the Faraday rotation6 of light near the Ba 5535 A 
reonance in an 800 G magnetic field at a wide range of He 
pressures. The results were consistent with the vapor pres
sure curves. 

The electron density in the Ba + plasma was determined 
as follows. Since the Debye length for the conditions of this 
experiment was on the order of 10 /-L, charge neutrality of the 
plasma held to a good approximation. The absorption of the 
hollow-cathode light at 4935 A after the 5 2D3/2 state popu
lation had decayed to the 6 2S1/2 state thus gave the electron 
density, assuming a knowledge of both the lamp profile and 
the absorption profile of the Ba + 6 2 SI/2 states. To determine 
the lamp profile, a scanning confocal Fabry-Perot etalon 
(FSR 7.5 GHz, finesse;:::::200) was used to measure the line 
shape (Fig. 4). The background was assumed to be from 
light far removed from the resonance. This assumption was 
validated by producing enough ions to saturate the absorp
tion of the on-resonant component of the lamp light. The 
observed absorption was 45%, in agreement with the area of 
the background in Fig. 4. 

The line shape of the Ba+ 6 2S1/2-6 2PI/2 transition was 
also required. The absorption cross section U B ( "II) at the He 
pressures of this experiment (250-1000 Torr) should be well 
represented by a pressure-broadened Lorentzian: 
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FIG. 1. The hollow-cathode lamp profile of the Ba+ 6 2P'/2-6 2S'/2line at 
4935 A as observed by a scanning confocal Fabry-Perot etalon. The slowly 
varying background was assumed to be from wavelengths far removed from 
4935 A. 

(3) 

Here Y Band P B are the broadening (FWHM) and shift 
parameters for the transition at a given He pressure, re is the 
classical electron radius, f = 0.35 the oscillator strength for 
the transition,7 and Vo the unshifted frequency of the transi
tion. Y Band P B have not been measured for Ba + broadened 
by He, but reasonable estimates can be made in the following 
manner. Table I shows the measured values ofYB/[He] for 
the alkaline-earth ions Mg+, Ca +, and Sr+ at 550-650 ·C. 
The broadening parameter is the same for Ca + and Sr+, 
implying that a value for YB/[He] of 8.9 GHz/amagat is 
probably reasonable for Ba +. The shift parameter does not 
behave so conveniently, but Fig. 5 shows that it increases 
monotonically from Mg+ to Sr+, so a reasonable value ob
tained from Fig. 5 is 7.8 GHz/amagat. 

With the lamp profile II ( v) and the ionic line shape 
0' B ( v) determined as described above, the Ba + number den
sity n was obtained from the measured absorption A by 

A= I II (v)exp[ -nO'B(v)l]dv. (4) 

Here the path length I was estimated to be about 5 cm for the 
cell. Ba+6 2S1/2 state number densities obtained in this way 
were as large as 7 X 1011 cm - 3. Clearly the major uncertainty 
here is the unknown shift parameter. More will be said about 
this in Sec. III. 

TAB~~ I: Pressure ~roadeni~g parameter for the principal 2S'/2-2P'/2 

transItIon In the alkahne--earth Ions broadened by He as measured by Giles 
and Lewis (Ref. 8). 

Ion Broadening parameter 

15.4 GHz/amagat 
8.9 GHz/amagat 
8.9 GHz/amagat 
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FIG. 5. Measured values ofthe shift parameter f3 B/[He] for the alkaline
earth ions Mg+, Ca +, and Sr+. For Ba + the solid line denotes the range of 
values assumed in the data analysis (1 amagat = 2.69X 10'9 cm- 3 ). 

III. DEEXCITATION RATE MEASUREMENTS 

A typical type dependence of the Ba+5 2D3/2 state is 
shown in Fig. 6. The 5 2 D3/2 state population was maximum 
shortly after the ionization was produced by the laser, then 
decayed exponentially to zero. 

Figure 7 shows the 52D3/2 state deexcitation rate vs 
electron number density (as determined from the absorption 
of the hollow cathode lamp), at fixed temperature and pres
sure. This suggests that superelastic scattering of electrons is 
an important deexcitation mechanism for the 5 2D3/2 state. 
Assuming this to be the mechanism, the slopes of curves like 
Fig. 7 give the cross section for superelastic scattering. The 
main difficulty, as explained before, is the calibration of the 
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FIG. 6. Ba+5 2D3/2 population as a function oftime after the photoioniza
tion laser pulse. The 5 2 D3/2 states are detected by tuning a cw dye laser to 
the 5 2D3/2-6 2P'/2 transition at 6499 A, and observing the intensity of the 
resulting fluorescence at 4935 A. The fluorescent intensity is plotted on the 
vertical axis. 

J. Chern. Phys., Vol. 89, No.3, 1 August 1988 
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

128.59.222.12 On: Sun, 30 Nov 2014 08:51:14



T. G. Walker and K. D. Bonin: Deexcitation of metastable Ba+ 1361 

I 
VI ........ 
CI) 

60000 

C 40000 
0::: 
c: 
o 

:;:; 
c 
x 
~ 20000 
CI) 

0::: 

0+-----~---4-----+----~ 

o 15 30 45 60 
Electron Number Density( 101 Oem -3) 

FIG. 7. Deexcitation rate of Ba+5 2D3/2 state as a function of the electron 
density deduced from the absorption of the hollow-cathode lamp. 

electron density scale, which requires assumptions concern
ing the pressure broadened and shifted absorption profile of 
the ions. For this reason, the data were analyzed assuming 
several different values for the shift parameter. The results 
are shown in Table II. A reasonable value for the cross sec
tion, from Table II, is approximately 45 A. 2 with conserva
tive error bars of 20 A. 2. This result will be discussed in Sec. 
IV. 

The existence of a nonzero intercept in Fig. 7 suggests 
that some quenching process from atoms or molecules in the 
vapor contributed to the deexcitation. If the quenching spe
cies is He, the intercept would depend linearly on the pres
sure. No pressure dependence of the deexcitation rate was 
observed over a pressure range ofO. 5 atm with a sensitivity of 
1000/s at 550 .c. This establishes an upper limit on the cross 
section for quenching by He of U He <9x 10-22 cm-3

• 

The temperature dependence of the intercept was also 
studied experimentally. An Clausius-Clapeyron-type de
pendence, i.e., rate-exp( - U Ikn of the intercept on tem
perature was observed, with U = 1.7 ± 0.2 eV. The latent 
heat of vapor at ion ofBa is 1.8 eV,5 suggesting that the domi
nant deexcitation mechanism responsible for the tempera
ture dependence is collisions with neutral Ba atoms. Assum
ing this to be the case, we show in Fig. 8 the deexcitation rate 
at zero electron density, i.e., the intercepts of curves like Fig. 
7, plotted as a function of the Ba density. The slope of the line 
gives the cross section to be U Ba = 130 ± 25 A.2. This result 
will be compared with other measurements in Sec. IV. 

TABLE II. Experimental supereIastic cross sections deduced using differ
ent values of the shift parameter. 

Shift parameter (GHz/amagat) 

3.0 
5.25 
7.9 

10.0 

Superelastic cross section (A 2 ) 

74 
53 
39 
22 

40000 

L 30000 
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VI ........ 
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~ 20000 
c: 
o 

:;:; 
c 
] 10000 

CI) 

0::: 

o+-----~~-----+------~ 
o 2 4 6 

[Ba] ( 1013em-3) 

FIG. 8. Deexcitation rate in the absence of electrons as a function of Ba 
number density. The number density was determined from the cell tempera
ture using published vapor pressure curves (Ref. 5). 

It is possible that other species in the cell contributed to 
the results of Fig. 8. One possibility is molecular impurities. 
Ba is well known to be an efficient getter for impurities, with 
the important exception of H 2. At 600 ·C, the dissociation 
pressure of BaH2 is 10-3 atm. 10 Thus, if a significant amount 
of hydrogen is dissolved in the Ba metal in the cell, a substan
tial hydrogen pressure will exist in the cell. Indeed, when the 
experiment was begun the measurements of the intercept 
were larger than shown in Fig. 8. The existence of hydrogen 
in the cell was confirmed by replacing the He by Kr and 
observing the Balmer a line in H when the doubled Nd:Y AG 
was focused into the cell, ionizing the gas (the Kr gas was 
necessary because no spark could be obtained with He). The 
Balmer a line was the strongest feature in the spectrum. The 
H2 density was then reduced by cleaning the cell, replacing 
the Ba metal (which had been loaded one year before) with 
fresh Ba, and inserting a commercial getter (Zr-V-Fe, 
quoted H2 vapor pressure of 10- 16 Torr at room tempera
ture) into the cooled side arms of the cell. The experiment 
with the laser produced spark was then repeated, and no 
Balmer a line was observed. A decrease in the deexcitation 
rate to the values of Fig. 8 also occurred, indicating that H2 
had been contributing to the Ba+ 2D3/2 quenching, but was 
eliminated by the fresh Ba and the getter. 

The main impurities in the Ba rod were reported by the 
supplier to be the alkalis and Sr. An upper limit on the alkali 
density was obtained by looking for absorption of the reso
nance lines. None was seen with a sensitivity of about 10-4 of 
the Ba absorption, so the alkali densities were insignificant. 
The Sr density was measured by the Faraday rotation tech
nique to be less than the Ba density by a factor of 4, and so Sr 
may have contributed to the quenching. The cross section 
should be smaller for Sr than for Ba, however, as will be 
discussed in Sec. IV, so the correction will be assumed to be 
negligible. 

A small intercept also exists in Fig. 8. This contribution 
to the quenching could be the result of some species whose 
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density was not dependent on the pressure or temperature of 
the cell, but was not investigated further. 

IV. DISCUSSION OF Ba+ QUENCHING MECHANISMS 

The superelastic cross section measurement discussed in 
Sec. II can be related by detailed balance to the cross section 
for electron-impact excitation from the 6 2S1/2 state to the 
5 2 D3/2 state. II This gives the relation 

(5) 

where Qei is the electron-impact excitation cross section, Qse 
is the superelastic cross section, gs and gD are the statistical 
weights of the 6 2S1/2 and 5 2D312 states, and the velocities v 
and v' are related by conservation of energy: 

2ED 2 
v2 =--+v' (6) 

m 

Here ED is the excitation energy of the 5 2D3/2 state. 
The measured superelastic rate constant is the average 

of Qse v' over the electron distribution function f( v'): 

(Qse v') = f f(v')Qse(v')v'dV 

=~ff(v') V2Qei(V)dV. 
gD v' 

(7) 

Electron-ion impact excitation cross sections obey Qei v2 

= const near the threshold for a given transition, 12 so Qei v2 

can be factored out of the integral in Eq. (7), giving 

(Qsev') = ~ 2EDQei f f(~') dV 
gD m v 

gs 4EDQei 
= gD (21rmkn 1/2 . 

(8) 

The measured cross section was obtained from (Qse v') 
by the relation 

(Qse v') gs ED 
O"se= (8 kT/1rm) 112 = gD kT Qei ' 

(9) 

For O"se = 45 A?, this gives Qei = 11 A2 for excitation ofthe 
5 2 D3/2 state. Petrini 13 has calculated Qei = 25 A 2 for the 
sum of the 6 2S1/2-5 2D3/2 and 6 2S1/2-5 D5/2 cross sections 
so, assuming the separate cross sections scale by their statis
tical weights, his calculation gives 4/1OX25 A2 = 10 A2, in 
excellent agreement with this experiment. This is perhaps 
fortuitous, since the calculations of Petrini neglected the 
Ba + fine structure and the experimental determination of 
the electron number density is subject to error of about a 
factor of2. 

The large quenching (130 A2) ofBa+5 2D3/2 by Bacan 
be understood with the aid of Fig. 9, which shows the two 
lowest potential curves of Bat as calculated by Sramek, !4 as 
well as a potential curve correlating at large internuclear 
separations with the 5 2D3/2 state obtained by displacing the 
2~u+ potential by the 5 2D3/2 excitation energy, 4674 cm- I

. 

The repulsive nature of the 2~t means that a curve crossing 
can occur at relatively large internuclear separation with a 
potential curve from the 5 2D3/2 states. Setting the experi
mental cross section equal to 1rR 2, where R is the internu-

~ 
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FIG. 9. Potential curves for low-lying states of Bat . The solid lines are the 
potentials calculated by Sramek (Ref. 14) and the dashed line is an excited 
potential obtained by displacing the 2I.: curve by the 5 2D3/2 excitation 
energy. 

clear separation at which the crossing occurs, gives R = 6 A, 
which is very close to the crossing in Fig. 9 obtained by crude 
methods. Another measurement of this cross section was 
made by Bokhan,16 who obtained a cross section of O"Ba 

= 200 ± 40 A 2. This measurement may be too high because 
of neglect of electron superelastic scattering. Interestingly, 
the cross section for the quenching of the Ba metastable 
states has been measured 15 to be 130 A 2, even though there is 
no highly repulsive ground state potential in B~. The strong 
quenching in Ba2 has been attributed by Jones!7 to be due to 
extremely strong attraction of the metastable potentials. 

In contrast to Bat, for SrBa + there is no repulsive po
tential curve which asymptotically goes to a free Ba + and a 
free Sr atom. Thus any curve crossings between the ground 
state potential of SrBa + and potentials correlating to the 
5 2D3/2 state ofBa+ will most likely be at small internuclear 
separations, with resulting small quenching cross sections. 
For this reason Sr quenching is assumed to have a negligible 
contribution to the cross sections reported in Sec. III. 

The lack of observed quenching of Ba + (D) by He is in 
apparent conflict with the interpretation of Schneider and 
Werthl8 of the He pressure dependence of the lifetime of 
Ba + (D) in an ion trap. In these experiments the He atoms 
acted to thermalize Ba + created by surface ionization on a Pt 
filament. After the Ba + ions were trapped, the gas was 
pumped away. These experiments exhibited a linear depend
ence of the Ba + (D) lifetime on the total residual pressure. If 
the quenching agent was He, the deduced cross section is 
6X 10- 17 cm2, almost five orders of magnitude larger than 
the upper limits found in Sec. III. A possible explanation for 
this disagreement is that in the ion trap experiments impuri
ties produced by the hot filament and the hot source of Ba 
atoms mixed with the He buffer gas. Then the residual gas 
had a small impurity content, perhaps H 2. If a quenching 
cross section for the impurities of 1 X 10- 14 cm2 is assumed 
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the impurity concentration required to explain the quench
ing is about 1 %. At the small He pressures used (10-9 bar) 
this implies an impurity density of only 108 cm - 3

• 

Another difficulty of the cross section deduced from 
Schneider and Werth's paper is in explaining the physical 
process producing the quenching. Recent calculations19 of 
HeSr+ show that the potential curves are qualitatively very 
similar to the alkali-noble-gas case, and show no curve 
crossings at thermal energies. Gallagher9 measured cross 
sections for fine-structure mixing in the alkalis, and showed 
that the cross sections are strongly dependent on the fine
structure splitting. For Cs, with a fine-structure splitting of 
554 cm - I, a cross section of 10- 19 cm2 was measured at 
600 "C. Since the 5 2 D3/2 state of Ba + has an energy of 4874 
cm-I, the cross section for 5 2D3/2 quenching by He should 
be about a factor of exp 4874/554 = 3000 smaller, consis
tent with the upper limit obtained here. Thus the probable 
interpretation ofthe ion trap experiments is that the quench
ing is due to impurities, and so the upper limit of U He 

< 9 X 10-22 cm2 ofthe current experiment is reasonable. 
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