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Excitation Mechanisms of Copper Ionic and
Atomic Lines Emitted from a Low-Pressure
Argon Laser-Induced Plasma

Yohei Ushirozawa and Kazuaki Wagatsuma
Institute for Materials Research, Tohoku University, Sendai, Japan

Abstract: Low-pressure laser-induced plasmas generated with a pulsed Nd: YAG laser
have complicated structures both temporally and spatially. The emission characteristics
of the plasma are investigated for optimizing the experimental parameters in atomic
emission spectrometry. The emission intensities of copper emission lines, measured
in a time-resolved as well as a time-integrated mode, are strongly dependent on the
kind of copper lines, ionic or atomic line, and the excitation energy. Also, the
pressure of argon gas is the most important parameter for determining the behavior of
these emission lines, including argon lines. Generally, copper ionic lines are dominantly
emitted from the initial breakdown zone, because the copper ions are produced mainly
in the hot breakdown zone. However, the Cu II 229.44-nm line is emitted also from the
expansion zone of the plasma. It results from an additional excitation process through
the charge-transfer collision particularly effective for the corresponding excited level.
In this work, the excitation mechanisms for Cu I, Ar I, and Ar II lines are also
discussed. The excitations occurring in the laser-induced plasma can be well understood
by taking the temporal and spatial variations in their intensities into consideration.

Keywords: Copper emission lines, atomic emission spectroscopy, excitation mechanism,
low-pressure laser-induced plasma

INTRODUCTION

Laser-induced plasma spectrometry (LIPS) is a promising technique for direct
analysis of various materials because of the rapid response without any sample
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pre-treatment.!’ ' A Q-switched Nd:YAG laser is irradiated onto the sample
surface during a very short period but with a large power density, which
produces a pulsed laser-induced plasma (LIP) following the frequency of
the laser. Sample atoms are ejected from the surface due to laser ablation
and are subsequently ionized and excited in LIP, so that this created plasma
has been employed as an excitation source in atomic emission spectrometry.
Plasmas, induced with a Q-switched Nd: YAG laser, have both spatial and
temporal characteristics depending on various experimental parameters, such
as the kind and the pressure of plasma gas, which is generally referred as an
expansion of the plasma plume. The emission zone varies with the progress
of the plasma plume, which is strongly dependent on the nature of plasma
gas. Further, one has to consider that major processes for the excitations
vary also at different portions of the plasma plume. Therefore, in the
emission spectrometric application, the optimization for the operating
conditions requires different idea of that for inductively coupled radio-
frequency plasmas or glow discharge plasmas (GDP). It is known that laser-
induced plasmas produced under an evacuated atmosphere have favorable
features for emission analysis due to relatively low fluctuation of the
emission intensities as well as the high signal-to-background ratio.!'' =!%!
The excitation mechanisms of the low-pressure laser-induced plasma
(LP-LIP) cannot be fully understood, as the structure of LP-LIP is much com-
plicated both spatially and temporally. Knowledge about the excitations
occurring in LP-LIP should be required for optimizing the experimental
conditions for the analytical application. Several papers have suggested a
possible excitation process caused by a shock wave!'>'®! in the front of the
plasma plume and a collisional excitation process with metastable species
of the plasma gas."'® Gas species having a long lifetime, such as the meta-
stable atoms and the ground-state ions, may be populated under evacuated
conditions in LP-LIP. It is because their de-excitation or recombination
occurs less actively under reduced pressures, which is very similar to the
environment in a GDP.1'7! It is therefore interesting to compare the spectral
pattern emitted from LP-LIP with that from GDP. As it has been published
in several papers discussing the excitation mechanism in GDP,!"® 2! particu-
lar ionic lines are excited selectively through (quasi-) resonance charge
transfer collisions'*?! between a ground-state ion of plasma gas and a
ground-state atom of the sample. This reaction can produce a highly
populated excited state of the species in the sample, which results in strong
emission of particular emission lines resulting from the de-excitation.!***%!
Our previous paper has reported on a comparison in the spectra of copper
both excited from LP-LIP and from GDP when several plasma gases was
used.”>°! It indicated that intense ionic lines of copper observed in GDP
were also found in the spectrum from LP-LIP. It implies the similarity in
the excitation mechanisms between in LP-LIP and in GDP.*®! In this study,
we investigated intensity variations of various copper lines along with the
duration time after laser irradiation at different portions of the plasma, in
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order to discuss the excitation mechanism in more detail. Their emission
intensities are expected to have any different dependence in the progress of
the plasma expansion, thus yielding useful information on the excitation
mechanisms.

EXPERIMENTAL

A schematic diagram of the apparatus is shown in Fig. 1. A Nd: YAG laser
(LOTIS TI LS-2135, Tokyo, Japan) was employed at the wavelength of
532nm (SHG mode). The laser having the energy of 40 mJ/pulse was irra-
diated on the sample surface (the spot size of about 0.7 mm in diameter).
The pulse duration of about 10ns and the repetition rate of 10Hz were
employed. A spherical lens with a 200-mm focal length was used to focus
the laser pulses onto the target surface. High-purity copper plates
(99.999%) were used as sample. The sample plate was polished with water-
proof abrasive papers and then fixed at the sample port of the chamber. After
the surface was cleaned using the first 100 laser shots, the emission signal
was accumulated in the detector during the next 10 shots and recorded in
a personal computer.

High-purity argon (99.9995%) was introduced as plasma gas after the eva-
cuation of the chamber below 7 Pa. The pressure was monitored with a Pirani
gauge (GP-2, ULVAC Corp., Chigasaki, Japan) and a capacitance manometer
(MK 113B-2-P and 127AA-001003, NKS Instruments Inc., Andover, MA,
USA) placed between the evacuation port and a rotary vacuum pump
(GLD-166, ULVAC Engineering Inc., Chigasaki, Japan). Energy of the
pulsed laser was measured using a thermopile absorber head and a laser
power/energy monitor (OPHIR JAPAN 3A-P-CAL, NOVA, Tokyo, Japan).

Emission signals, collected directly by an optical fiber, were measured by
a spectrograph (Solar TII MS-3504, Tokyo, Japan) equipped with an intensified
charge-coupled device detector (ICCD) (Model DH 501, Andor Technology,

Laser
Laser-induced
Lens plasma
Computer
\\\ Optical
Q Fiber
\\\\\\\\\\\\\\\\\\\\“
_I tccp
= o =
\ i
i Spectrograph
Sample : Cu

Figure 1. Schematic diagram of the experimental apparatus.
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South Windsor, CT, USA). The spectral resolution was about 0.1 nm when the
slit width was set at 30 pm. The optical fiber was placed in front of the obser-
vation window of the chamber, so that the observation point was about 5 mm
above the sample surface. The distance between the fiber port and the plasma
plume was set to be 45 mm. The numerical aperture of the fiber optics was
0.22 and the acceptance angle was about 12.5°. As illustrated in Fig. 2, this
arrangement allowed a whole plasma image to be observed over the range
of 0—15 mm in height above the sample surface and to have a spatially inte-
grated spectrum. Using this optical alignment, time-integrated spectra were
recorded for the period of 0.5 ms (gate width) after an initial delay time of
0.036 x 10~ ®s. This initial delay was employed to avoid influence from the
laser scattered light and the initial broadband background from the LIP. In
this measurement, we employed a cylinder having the height of 5 mm above
the sample surface as a blind, as shown in Fig. 2b, in order to eliminate the
emission signals originated from the initial breakdown zone. The integrated
emission spectra were measured both with and without the blind cylinder.
In addition, a series of time-resolved spectra were monitored at the interval

cylinder
for blind

(a) with blind

NdYAG
plasma plume

/breakdowu zone

15 mm

(b) without blind

Figure 2. Setup of the measuring system having a cylinder blind.
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of 0.24 x 10~ ®s (gate width) after any delay time in the range of 0.36 x 10~ °
t0 5.0 x 10 Cs.

RESULTS AND DISCUSSION
Excitations in LP-LIP

A hot breakdown zone is produced near the sample surface immediately after
laser irradiation. Because of direct coupling with the laser having a very high
power, the sample materials are ablated and then excited and ionized through
various collisions among highly-energetic particles in the breakdown zone. If
the sample is pure copper in an argon LP-LIP, the following reactions can be
considered:

Cu — Cut — Cu*"

1
Ar — Arm — Ar*T )

Also, various recombination reactions take place simultaneously: for example,

Art + e~ — Ar*+)AE

2
Cut +e~ — Cu*+)AE @

These reactions produce excited species of argon and copper, denoted by Ar*
and Cu*, as well as the continuum background over a wide wavelength
range. On the other hand, these excited species are also produced through
direct collisional excitations: for example,

Ar + e (fast) or M (fast) — Ar* + e (slow) or M (slow)

3
Cu + e~ (fast) or M (fast) — Cu* + e~ (slow) or M (slow) ®)

where e (fast) and M (fast) denote an electron and a particle having enough
kinetic energy to excite Ar and/or Cu, respectively. The resulting excited
species contribute to characteristic emission lines in the spectrum emitted
from the breakdown zone.

The breakdown plasma zone expands upward, and it results in a plasma
plume. The behavior of the plasma plume in LP-LIP varies largely by the
kind and the pressure of the plasma gas: under evacuated conditions, the
zone cannot be expanded so widely due to smaller collision probability,
while the expansion zone is larger quenched by the surrounding gas with
increasing gas pressure. The experimental configuration is reported in
Fig. 2. The number density of highly energetic particles should decrease as
the plasma plume expanding: therefore, excitations through the first-kind
collision [Eq. (3)] take place less actively (of course, excited species having
lower excitation energies would be still produced in the expansion zone).
Also, some types of excited state having long lifetime could survive in the
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expansion zone. Excitations through the second-kind collision should be
therefore considered as follows:
Cu+Ar"™ — Cut +e” + Ar® 4
Cu+ Ar" — (Cut)* 4 Ar® 4)

where m and g denote the metastable and ground state, respectively.
Equation 4’ is known as a charge-transfer collision.'*?!

Typical Time-Resolved and Time-Integrated Spectra of Copper

Figure 3 shows typical LP-IPS spectra of copper in the wavelength range of
345-367 nm, both in the time-resolved mode (a) and in the time-integrated
mode (b). These spectra were obtained without the blind cylinder. In the
time-resolved spectra (Fig. 3a), which were measured at 400-Pa Ar, several

(a)
0.44x10°s
Arll
Arll
Arll
Arll Arll |
| Arll
} Cul
=~ Arll I
[
E]
.9: L ' |l |
©
s ¢ Cul
.‘? 1.Ox107s .
m ]
c
2 |
£
1.5x 10" Gal
|
Cul Cu l(‘u ! Cul
|
345 350 355 360 365
Wavelength / nm

Figure 3. LP-LIP spectra of copper in the time-resolved mode (a) and the time-
integrated mode (b). The time-resolved spectra are measured at 400-Pa Ar.
(continued)
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Figure 3. Continued.

ionic lines of argon (Ar II) predominantly appeared just after the laser
breakdown and then almost disappeared at the delay time of more than
1.0 x 10~ °s, whereas de-excitations for the copper atomic lines (Cu I)
were a little delayed. It is also found from the time-integrated spectra
(Fig. 3b) that the spectrum pattern is greatly varied depending on the argon
pressure in the chamber, yielding increasing intensities of the Cu I lines but
decreasing intensities of the Ar II lines with increasing argon pressure.
These results imply that different mechanisms would play a major role in
the excitation between ionic argon and atomic copper species.

Table 1 indicates that the Ar II lines require higher excitation energies
(plus the ionization energy of argon atom). It is likely to consider that they
are emitted mainly from the initial breakdown zone, where highly energetic
particles including fast electrons are produced by coupling with the laser
irradiation energy. These argon ionic species could be produced through col-
lisions with the highly energetic particles in the breakdown zone; therefore,
their emission spectra could be observed at shorter delay time. On the other
hand, the Cu I lines are identified to the transitions from excited energy
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Table 1. Observed emission lines and their assignment

Wavelength (nm)

Assignment

Upper level (eV)

Lower level (eV)

Cu II 213.598
Cu II 214.897
Cul217.895
Cu II 219.225
Cu219.958
Cu I 221.459
Cu II 224.261
Cu II 224.700
Cu II 229.436
CuI324.735
Cu I 327.396
Cul351.184
Cu1351.702
Cu I 352.277
CuI352.423
Cu I 352.739
Cu I 353.030
Cul359.914
Cu I 360.202
Cul361.421
Cu I 362.034
Cu1362.734
Cu1362.734
Cu I 365.586
CuI510.555
Cul515.323
Cul521.819
Ar II 348.636
Ar II 354.573
Ar II 355.690
Ar II 355.952
Ar II 357.663
Ar II 358.238
Ar II 358.846
Ar II 365.529
Ar 1415.853
Ar 1 420.064

4p °F, (8.5213)
4p °F; (8.4862)
4p *Ps,, (5.6882)
4p 3F; (8.4862)
4p °Ds» (7.0237)
4p *Ps 5 (6.9856)
4p *D; (8.7830)
4p P, (8.2347)
4p 3P, (8.2347)
4p °P3» (3.8166)
4p °Py > (3.7858)
7d *Ds 5 (7.3460)
4d °Fs 5 (8.9454)
4d °Dj3 > (8.9396)
4d *F 5 (8.9382)
4d “Fs» (9.0884)
4p “Fs» (5.1530)
4d *Fy ), (8.8387)
4d °D7, (8.8359)
4d *Ds ) (8.9350)
4d °F, (8.8185)
4d °Dj3 ) (8.9396)
4d °Dj3 > (8.9396)
4d *Gy)» (8.7853)
4p °P3» (3.8166)
4p °D3» (6.1910)
4d *Ds 5 (6.1919)
4p °P3» (23.801)
4d °Gy 5 (24.622)
4p °P, /> (21.426)
4d “Fy/, (23.162)
4d “Fy/, (23.014)
4d *Fs 5 (23.070)
4d "Fy 5 (22.948)
4d °Fs), (23.258)
5p [3/2], (14.529)
5p [5/2]5 (14.499)

45 °D5 (2.7187)
4s °D; (2.7187)
4s S, /> (0.0000)
4s °D, (2.8326)
4s °Ds» (1.3889)
4s *Ds ), (1.3889)
4s 'D, (3.2563)
4s °D; (2.7187)
4s °D, (2.8326)
45’8, /2 (0.0000)
4s *S, /2 (0.0000)
4p °P5, (3.8166)
4p °Fs)5 (5.4212)
4p *Fs)» (5.4212)
4p °Fs); (5.4212)
4p *F7/5 (5.5746)
45 °D3 5 (1.6422)
4p *Dy» (5.3949)
4p D75 (5.3949)
4p *Ds > (5.5056)
4p "Dy, (5.3949)
4p D3 5 (5.5227)
4p D55 (5.5227)
4p "Dy, (5.3949)
4s °Ds ), (1.3889)
4p °P, ), (3.7858)
4p °P5, (3.8166)
3d °Fs, (20.246)
4p °Fs)» (21.127)
3d °Py > (17.941)
4p °Ds)» (19.680)
4p *Ds > (19.549)
4p D3> (19.610)
4s ‘D75 (19.491)
4p *P5» (19.867)
45 [3/2], (11.548)
4s [3/2], (11.548)

“Ref. [27].

levels in the neighborhood of the first ionization limit of copper atom, which
might have relatively long lifetimes. These copper excited levels may be
created also in the expansion zone of LP-LIP through recombination and
de-excitation processes of ionized copper species initially created in
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the breakdown zone, which explains the delay of the Cu I emission lines.
Accordingly, the time-resolved as well as the time-integrated spectra yield
useful information on the excitation mechanisms of various copper lines.

Ionic Copper Emission Lines

In LP-LIPS, the 3d°4p-3d°4s transition of copper ion gives intense emission
lines and their excitation energies range from 8.2 to 9.4eV.”?”! The observed
Cu II lines are summarized in Table 1. Figure 4 shows intensity variations of
the Cu II 214.90nm line (8.49eV) in the time-resolved mode (a) and the
time-integrated mode (b). The time-resolved spectrum (a) is characterized by
rapid reductions in the emission intensities resulting in the intensity drops
down to almost zero at the delay time of more than 3.0 x 10 ®s. The

(a)
200 ¢
-E » ® 40Pa
S 750 4 W 400 Pa
9 u
P A 1330 Pa
T i
g [ ]
_g 100 |
r [ ]
2 Y
Q [ ]
- | |
£ 50 A e e e
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0 L i - [ 8
0 1 2 3 4 5
- -6
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! o ® °0 4
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= ‘
3
o | ®
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~ R @® no Blind
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c ||
@ i
S . |
= 200 | =
‘ 3 = 3
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Figure 4. Intensity variations of the Cu II 214.897 nm in the time-resolved mode (a)
and the time-integrated mode (b).
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tendency seems to be independent of the argon pressures. The time-integrated
spectrum (b) always gives much larger intensities when not using the blind
cylinder compared with those with the blind, meaning that a major region for
their emissions is inside the blind. These results are because the excited
species of copper ion are produced mainly in the plasma breakdown zone due
to collisions with highly energetic particles. Further, smaller amounts of the cor-
responding species are re-excited during plasma expansion after the breakdown
since the number density of gas species having enough kinetic energy to excite
their excited levels should decrease along with the plasma expansion. In the
time-integrated measurement with the blind (Fig. 4b), the gradual decrease in
the intensities is probably derived from larger quenching rate of the copper
ion species by the surrounding gas along with increasing argon pressure.

Among the Cu II lines belonging to the 3d°4p-3d°4s transition, most of
them showed similar intensity variations to the Cu II 214.90-nm line, except
for the Cu II 224.70-nm and Cu II 229.44-nm lines. Figure 5 shows intensity
variations of the Cu II 229.44-nm line (8.24eV) in the time-resolved mode
(a) and the time-integrated mode (b). Like in the Cu II 214.90-nm line, the
time-resolved spectrum gives rapid reductions in the emission intensity.
However, the intensities remain at the delay time of more than 3.0 x 10~ %,
especially when the pressure of argon increases. This effect means that the exci-
tations for this Cu II line could take place in the plasma expansion zone. It
should be noted that, in the time-integrated measurement (Fig. 5b), the
maximum intensity appears at the argon pressure of about 1300 Pa both with
and without the blind. Because this intensity maximum is observed even
using the blind, it is considered that there is any excitation process, which is
effective only for this particular excited level (not effective in the other
excited levels), in the plasma plume followed by plasma expansion.

As indicated in Table 1, both the Cu II 229.44 nm and the Cu II 224.70 nm
lines are assigned to the transitions from an excited energy level (3d°4p °P»,
8.24 V) of copper ion.'*”! Several papers have reported that this excited level
can be largely populated in Ar-GDP, as a selective excitation occurs through a
resonance charge-transfer collision between the ground-state ion of argon and
the ground-state atom of copper as follows:!!"]

Cu + Ar*(3p P35, 15.94eV) — (Cu™)*(4p°>P,, 8.24¢eV)
+ Ar(3s 'Sy, 0.00eV) + AE (5)

This type of reaction requires good matching in their excitation energies. The
excitation to the 3d%4p P, level can be selectively caused in this charge-
transfer collision because the sum of the excitation energy and the ionization
potential (8.24 4+ 7.72 = 15.96 V) is very close to the ground-state energy of
argon ion (15.94 eV).?" Tt is expected that the charge-transfer reaction works
as an additional excitation process in the expansion zone.

Because ionized argon species are derived principally from the breakdown
zone, the probability of the charge-transfer collision decreases at smaller argon
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Figure 5. Intensity variations of the Cu II 229.436 nm in the time-resolved mode (a)
and the time-integrated mode (b).

pressures, whereas the population of the ionized argon species is much reduced
due to quenching by the surrounding gas at larger argon pressures. Therefore,
the argon pressure for maximizing the Cu II intensity would be determined
by a compromise condition between larger probability of the collisional ioniz-
ation/excitation and greater quenching rate of argon ion species along with
increasing gas pressures. The pressure dependence when the blind is used in
Fig. 5(b) is considered to reveal the compromise condition.

Atomic Copper Emission Lines

Two different types of Cu I emission lines were investigated. The behavior of
the Cu I 510.56-nm line (3.82¢eV) are indicated in Fig. 6. Unlike in the Cu II
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Figure 6. Intensity variations of the Cu I 510.555nm in the time-resolved mode
(a) and the time-integrated mode (b).

lines (Figs. 4 and 5), in the time-resolved measurement, there disappeared the
region where strong emissions were observed immediately after the
breakdown and the intensities were predominantly enhanced at prolonged
delay time. This phenomena means that there are few excited species of
atomic copper in the hot breakdown zone where the ionization and the overex-
citation beyond atomic excited levels having smaller excitation energies may be
caused. Recombination of ionic copper species and the stepwise de-excitations
lead to an increased population of these low-lying excited states which enhances
the emission intensities of such Cu I lines. In the time-integrated measurement
(Fig. 6b), a maximum peak was found at the argon pressure of about 1300 Pa. As
similar to the discussion in Cu I 229.44 nm, any re-excitation process occurring
in the expansion zone would be considered for explaining this maximum peak.
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Figure 7. Intensity variations of the Cu I 219.958 nm in the time-resolved mode
(a) and the time-integrated mode (b).

Figure 7 shows the results in the Cu I 291.96-nm line (7.02eV). In the
time-resolved measurement, the intensities were elevated with increasing
argon pressures although they were monotonically decreased with the delay
time, which was different from the data of the Cu II lines. The reason for
this is that the corresponding excited species of copper atom are possibly
produced by de-ionization of ionic copper species with the progress of
plasma expansion. In the time-integrated measurements of this Cu I line
(Fig. 7b), a maximum peak was found at the argon pressure of about
1300 Pa, as similar to in the Cu I 510.56-nm line.

Argon Emission Lines

Figure 8 shows intensity variations of the Ar II 358.85nm line (22.95¢eV)
in the time-resolved mode (a) and the time-integrated mode (b). In the



03: 00 30 January 2011

Downl oaded At:

552 Y. Ushirozawa and K. Wagatsuma

20

(a) 5
| ® 40Pa

b i W 400 Pa
S Y —
3 | | & 1330 Pa
2 i : ;
© i_ 1
~ 10 b .
= \ |
2 \
3
£

/

:
J
[

Time / x10°s

; W Blind
\ ® noBlind |

200

-
@&
S

b

£

3 \

g 19

o }

~ 100 } . SO S

2 ? \

0 i

5 \

T 50 o . L E

— i

| \o\‘\ i
. LN \ .
0.1 1 10 100 1,000
Pressure / x10°Pa

Figure 8. Intensity variations of the Ar II 358.846nm in the time-resolved mode
(a) and the time-integrated mode (b).

time-resolved measurement (a), sharp decreases in the emission intensity were
observed and the intensities were not detected at the delay time of more than
1.0 x 10 ®s at the argon pressures of 400 and 1300 Pa. Furthermore, the
emission intensities in the time-integrated spectrum (b) were sharply
reduced along with increasing argon pressures; in the measurements with
the blind, the Ar II line could not be detected at argon pressures of more
than 400 Pa. This effect implies that the emission zone of the Ar II line is
localized near the sample surface (the breakdown zone) where ionized
species of argon requiring higher excitation energies are mainly produced.
Also the recombination and de-excitation of argon ion species take place
more actively at larger argon pressures.

Apart from the data of Ar II 358.85 nm, the Ar I 420.07-nm line (14.50eV)
yielded a different dependence of the emission intensity, as shown in Fig. 9.
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Figure 9. Intensity variations of the Ar I 420.064nm in the time-resolved mode
(a) and the time-integrated mode (b).

In the time-resolved measurement (a), the emission intensities were still
observed at prolonged delay time when the argon pressure became more than
400 Pa. In the time-integrated measurement (b), a maximum peak appeared at
the argon pressure of about 1300 Pa. The emissions of this Ar I line are not
only from the breakdown zone but from the expansion zone, where the corre-
sponding excited species of argon atom would be produced through the recom-
bination process of ionic argon species.

CONCLUSIONS

In low-pressure plasma-induced plasmas, the emission intensities of copper
emission lines, measured in the time-resolved and the time-integrated
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modes, are strongly dependent on the characteristics of copper ionic or atomic
lines and their excitation energy. Also the pressure of argon plasma gas is a
very important parameter for determining the behavior of these emission
lines including argon lines. The excitation mechanisms in LP-LIP can be
deduced from considering the relationship between the intensity variations
of several emission lines and temporal and spatial variations of LIP.
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