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Abstract

Two-dimensional maps of the spatial distributions of excited and ionized sputtered copper atoms are presented for
a millisecond pulsed argon glow discharge. These maps demonstrate the temporal as well as spatial dependence of
different excitation and ionization processes over the pulse cycle. Transitions from the low energy electronic states

Ž .for the atom, characterized by emission such as that at 324.75 nm 3.82�0.00 eV , dominate the plateau time
regime at a distance of 2.5 mm from the cathode surface. These processes originate from the electron excitation of
ground state copper atoms. Transitions from high-energy electronic states, such as that characterized by emission at

Ž .368.74 nm 7.16�3.82 eV , predominate during the afterpeak time regime at a distance of 5.0�6.0 mm from the
cathode surface. This observation is consistent with the relaxation of highly excited copper atoms produced by
electron recombination with copper ions during the afterpeak time regime. Analyses of afterpeak and plateau
intensities for a series of copper emission lines indicate an electron excitation temperature equivalent to 5.78 eV at
0.8 torr and 1.5 W. Temporal profiles exhibit copper ion emission only during the plateau time regime. � 2001
Elsevier Science B.V. All rights reserved.
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1. Introduction

Pulsed operation of the analytical glow dis-
charge source affords unique analytical advan-
tages as well as alleviating plasma instability aris-
ing from the resistive overheating of the sample

� �cathode 1 . Such operation of pulsed glow dis-
charge sources consists of an applied square wave
power pulse followed by a period of power termi-
nation. The width of the applied power pulse may

Ž .vary from several microseconds �s to millisec-
Ž . � �onds ms at frequencies up to 100 Hz 2,3 . A

principal analytical advantage is the creation of
time regimes in which analyte signal is enhanced
and background signal is suppressed. Time gated
detection permits this advantage to be exploited.

Illustrations of the analytical utility of pulsed
glow discharge sources coupled with time-gated

Ž .mass spectrometric detection include: 1 the
temporal resolution between signals of ions aris-
ing from the discharge working gases and that

� � Ž .from sputtered analyte 4,5 ; 2 and the determi-
nation of molecular weight and structure of

� �volatile organic molecules 6 . These examples
rely on the temporal characteristics of the dy-
namic gas phase reactions that occur in these
pulsed glow discharge sources. The current work
shows that further advantages may be gained
from exploitation of the spatial characteristics of
these plasmas as well.

A typical ms-pulsed glow discharge operating
sequence includes an applied power pulse of 5 ms
followed by power termination for 15 ms. During
the 5-ms applied power pulse, gas phase species
and sputtered species undergo a series of excita-
tion and ionization processes. Of these processes,
electron excitation and Penning ionization are

� �dominant 7 . Upon power termination, the elec-
tron excitation process halts, as the plasma
changes from an excitation�ionization mode to a
recombination mode. In this recombination mode,
thermal electrons and plasma ions recombine to
produce excited and metastable atoms. At this
time in the pulse cycle, the enhancement of the
metastable argon atom population leads to an

� �increase in Penning ionization 8 . This enhance-
ment of Penning ionization not only leads to an
increase in ionization of sputtered atoms but also

leads to an increase in emission from the sput-
tered atoms. Because of these enhancements in
analyte signals, this ‘afterpeak’ time period is of

� �great interest to the analyst 1 .
This report relies on a series of optical investi-

gations of ms-pulsed glow discharge sources to
elucidate the processes leading to the afterpeak
signal. The metastable argon atom population is
found to vary temporally and spatially throughout
the pulse cycle. During the plateau time regime,
metastable production occurs primarily through
electron excitation in the high potential field re-
gion near the cathode surface. At this time, and
until power termination, the metastable argon
atom population maximizes 1�2 mm from the
cathode surface. Upon power termination,
metastable argon atom production occurs primar-
ily through recombination of argon ions with
thermalized electrons. This population maximizes
0.3 ms after power termination and approximately

� �6 mm from the cathode surface 9 . The differ-
ences in sputtered analyte excitation and ioniza-
tion mechanisms and their spatial as well as tem-
poral separation are the focus of the studies
reported here.

2. Experimental

Detailed descriptions of the glow discharge
source and optical spectrometry system employed

� �here appear in previous papers 3,9 . The glow
discharge operated at a pulse rate of 50 Hz with a
25% duty cycle and an instantaneous applied
power level of 1.5 W. The operating pressure was
maintained at 0.8 torr with ultra pure argon gas
Ž .Airgas, Radnor, PA, USA . The glow discharge
sample cathode consisted of a 4-mm diameter

Žcopper disk SRM 495, NIST Gaithersburg, MD,
.USA that was mounted on the end of a direct

insertion probe. Vertical positioning was obtained
through careful adjustment of the direct insertion
probe with respect to the center of the discharge
chamber; whereas, horizontal positioning was ob-
tained by use of an X�Y positioning stage on
which the glow discharge chamber was mounted.

Transient emission signals were recorded di-
Žrectly from the photomultiplier tube Model R-
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.928, Hamamatsu, Japan by a 1-GHz oscilloscope
Ž .9370M, LeCroy, Chestnut Ridge, NY, USA .
Each digitized trace represented the summation
of 100 discharge pulse cycles, each consisting of
2500 data points. Atomic absorbance measure-
ments for copper species were collected using a
copper-neon hollow cathode lamp operated at 16
mA. The lamp output was modulated at 3 kHz by

Ža mechanical chopper 197, EG&G PAR, Prince-
.ton, NJ, USA . The chopped beam was then fo-

cused through the glow discharge cell and plasma
onto the entrance slit of the 0.64-m monochroma-

Ž .tor ISA HR-640, Edison, NJ, USA . Both the
entrance and exit slits were fixed at 50 �m. Signal
response from the photomultiplier tube was

Žprocessed by a lock-in-amplifier 5210, EG&G

Fig. 1. Map legend and map spatial positions of the 368 observations. Scale is 0�100% of its emission or absorbance maximum.
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.PAR, Princeton, NJ, USA tuned to the chopper
frequency. An oscilloscope was used to monitored
the temporal output from the LIA and to digitize
the resulting data.

Measurements of the ground state copper atom
population were accomplished by monitoring the
absorption of 324.75-nm emission from the hol-
low cathode lamp. Deconvolution of the 1-ms
LIA time constant was accomplished, using a low
pass filter approximation and a series of Fourier

Žtransforms, inside of a spreadsheet program Ex-
. � �cel, Microsoft, Seattle, WA, USA 10 . Following

deconvolution, the data were baseline corrected
and smoothed by repetitive moving averages of 10
points. The resultant digitized emission and de-
convoluted absorbance traces were used to con-
struct spatial maps of the glow discharge plasma
consisting of such measurements collected at 368
spatial positions throughout the plasma, Fig. 1.

3. Results and discussion

3.1. Copper atom transitions explored

These studies examine the temporal behavior
for a series of copper atom transitions at increas-
ing spatial distances from the cathode in the
negative glow. Each series of electronic transi-
tions demonstrates the characteristic plateau and
afterpeak behavior described in previous papers
� �3 . In general, plateau intensities maximize
2.5�3.0 ms into the pulse cycle. At this time, and
until power termination, the glow discharge ex-
hibits a steady-state behavior as if it were not
being pulsed. This steady-state behavior indicates
the establishment of pseudo-equilibrium between
excitation, de-excitation, and recombination
processes. When power is terminated, plasma
processes are dominated by the recombination of
analyte and discharge gas ions with thermalized
electrons. The result of these recombination
processes is the formation of excited or metastable
atoms for both the analyte and discharge gas
species. Thus, as stated previously, each copper
atom transition measured exhibits an afterpeak,
which is a surge in emission intensity approxi-
mately 0.3�0.6 ms after power termination. Be-

cause electron excitation is quenched at the end
of the power pulse, the source of this emission is
the recombination of copper ions with electrons
followed by radiative decay.

Experimental data obtained for various copper
atom electronic transitions for both plateau and
afterpeak emission intensities are summarized in
Table 1. This table, constructed using emission
data taken at 6.0 mm from the cathode surface, is
presented to be both illustrative and informative
of typical results. The listed plateau intensity val-
ues in Table 1 consist of an average intensity
taken 4.5�5.0 ms within the pulse cycle, whereas
the afterpeak intensity values consist of an aver-
age taken 5.3�5.6 ms; approximately 0.4�0.5 ms
after power termination. When calculated, the
ratio of the afterpeak-to-plateau intensity was
found to vary as a function of the high-energy
electronic state and the spatial position in the
negative glow. This behavior can be explained by
considering the various mechanisms leading to
the population of the high-energy electronic states
during the plateau and afterpeak time regimes.
Generalizations regarding a series of electronic
states are inferred from the six electronic regions
depicted in the energy level diagram illustrated in
Fig. 2. The subsequent emissions originating from

Ž .these six electronic states Fig. 3 represent emis-
sion behavior over different spatial regions in the
negative glow. The mechanisms of the populating
and depopulating processes for these various lev-
els appeared previously in Bogaerts and Gijbels

� �steady state model 11 .

3.2. Cu� 3d104p�4s

Ž .Emission at 327.40 nm Fig. 3A corresponds
with the decay of the 3d104p level to the atom
ground state. This state occurs 3.79 eV above the
atom ground state with a transition probability of

�8 �1 � �1.37�10 s 12 . The large plateau intensity
value evident in the temporal profiles of Fig. 3A
indicates that population of the 3d104p level oc-
curs predominantly through electron excitation.
As previously mentioned, this plateau regime
mimics steady state discharges. Emission through-
out this temporal regime originates from species
subject to electron excitation. The plateau inten-
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Table 1
Copper atom plateau and afterpeak emission intensities taken
at 6.0 mm from the cathode surface with the corresponding
calculated afterpeak-to-plateau ratio and the transitions high
Ž . Ž .E and low E energy levelsH L

Ž . Ž .nm Intensity mV Levels eV

Plateau Afterpeak Ratio E EL H

223.85 1.92 12.22 6.36 1.64 7.18
249.22 7.48 7.13 0.95 0.00 4.97
261.84 9.26 25.67 2.77 1.39 6.12
282.44 37.31 61.33 1.64 1.39 5.78
307.38 4.44 5.89 1.33 1.39 5.42
309.40 11.20 17.21 1.54 1.39 5.39
319.41 9.62 11.57 1.20 1.64 5.52
324.75 419.32 521.14 1.24 0.00 3.82
327.40 269.29 341.30 1.27 0.00 3.79
327.98 27.30 38.09 1.40 1.64 5.42
329.28 35.88 45.85 1.28 1.39 5.15
333.79 40.35 60.99 1.51 1.39 5.10
338.54 2.36 13.67 5.78 3.79 7.45
341.40 2.95 27.33 9.27 3.82 7.45
348.16 4.84 39.97 8.25 3.79 7.35
351.18 11.33 83.73 7.39 3.82 7.35
353.04 23.75 40.02 1.69 1.64 5.15
365.42 14.09 110.75 7.86 3.79 7.18
368.74 18.13 184.69 10.19 3.82 7.18
382.50 0.03 5.50 20.32 3.79 7.03
386.18 2.24 10.81 4.84 3.82 7.03
406.32 57.04 366.80 6.43 3.82 6.87
448.04 4.76 18.12 3.81 3.79 6.55
510.55 84.60 112.64 1.33 1.39 3.82
515.32 109.17 325.09 2.98 3.79 6.19
521.82 170.75 500.75 2.93 3.82 6.19
570.02 7.12 0.98 1.64 3.82
578.21 11.87 13.85 1.17 1.64 3.79
793.31 6.17 9.76 1.58 3.79 5.35
809.26 11.02 18.65 1.69 3.82 5.35

sity maximizes at a sampling distance of 2 mm
from the cathode surface and decreases at greater
distances. In contrast, the afterpeak emission
maximum appears approximately 0.3 ms after
power termination, and is not distinct until 4 mm
from the cathode surface. Over the next 6 mm,
the afterpeak intensity decreases steadily but at a
lower rate than the plateau intensity. Because the
power was terminated the most probable mecha-
nism of populating this level at this distance is
through recombination and radiative decay of
higher energy states, most notably through the
3d10 5, 6 and 7d levels. The population of these
levels will be discussed in Section 3.3

3.3. 3.3 Cu� 3d10 5, 6 and 7 le�els

Ž .The electronic states labeled in Fig. 3B�E ,
illustrate the effects of spatial and temporal posi-
tion on emission intensity for electronic states of
increasing energy. Each state decays into the
3d104p level. The plateau intensity of each transi-
tion reaches an emission maximum within 2 mm
of the cathode surface followed by a reduction in
intensity at greater distances. This plateau spatial
position coincides with the spatial maximum found
in the 3d104p�4s transition, with electron excita-
tion of Cu� being the primary mechanism. This
electron excitation mechanism remains dominant
until the plasma decays. During the afterpeak
time regime, emission profiles increase to reach
maxima at 5.3�5.5 ms, and 4�6 mm from the
cathode surface. Upon power termination, ther-
malized electrons and copper ions recombine to
produce highly excited copper atoms. These, once
formed, radiatively decay to lower electronic
states. This radiative relaxation cascade is the
most probable mechanism by which the lower
energy levels, such as the 3d104p, are populated
once electron excitation halts following the termi-
nation of discharge power. This is consistent with
previous reports that indicate the most probable
production mechanism for copper ions in the

� �afterpeak to be Penning ionization 9 .

3.4. Cu� 3d94s4p�3d94s2

Emission originating from the radiative decay
of 3d94s4p states to the 3d94s metastable copper
atom states exhibit temporal afterpeak broaden-
ing as compared to other transitions studied. The
reported transition probability of the 333.79-nm
emission line, depicted in Fig. 3F, is 3.80�105

�1 � �s 12 . This transition clearly has a much longer
lifetime compared to the transitions previously
discussed. During the plateau time regime, the
major mechanism of excitation is electron excita-
tion; whereas, the afterpeak intensity likely re-
sults from the radiative relaxation cascade from
more highly excited copper atoms. The plateau
and afterpeak intensity exhibit spatial maxima
similar to that noted for the other electronic
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Ž .Fig. 2. Energy level diagram highlighting copper atom transitions of interest, labeled A�F see Fig. 3 .

states discussed above. The temporal broadening
is attributed to the longer natural lifetime of
0.0026 ms, for this electronic state’s decay to the
copper atom metastable level.

3.5. Afterpeak-to-plateau emission intensity ratios

As alluded to in the above discussion, the ratio
of copper atom afterpeak-to-plateau emission in-
tensity increases with increasing energy of the
upper electronic energy level. Fig. 4A is an illus-
tration of this effect, where the ratio of after-
peak-to-plateau emission intensity is plotted as a
function of the higher electronic energy level
involved in a transition. This plot clearly shows
that emission originating from higher electronic
levels is heavily favored during the afterpeak time
regime. Using the most intense transitions for
various electronic levels observed, the ratio of
afterpeak-to-plateau intensity is plotted as a func-

Ž .tion of distance Fig. 4B . At shorter distances,
during both plateau and afterpeak time regimes,

electron excitation dominates and the ratio is low.
As distance increases, the ratio of afterpeak-to-
plateau intensity increases with electronic energy
levels. The most probable reason for this ratio
increase is the production of copper ions by Pen-
ning ionization during the afterpeak time regime,
followed by a loss in electron excitation. Plasma
recombination processes in the afterpeak appear
to maximize 6 mm from the cathode surface, this
distance is needed for electrons to thermalize and
fits well with the spatial position of metastable
argon atom population maxima observed in this

� �laboratory 9 .
A closer inspection of Fig. 4B,C, reveals a

distinct jump in the calculated afterpeak-to-
plateau ratio moving between electronic states of
5.78 and 6.12 eV. The explanation for this jump is
that the electron excitation temperature during
the plateau has a mean value greater than 5.78
eV and less than 6.12 eV. This effect would limit
the population of levels above 5.78 eV by electron
excitation during the plateau time regime, leading
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Fig. 3. The temporal emission profiles of copper atom transitions as depicted in Fig. 2, labeled A�F. Each transition demonstrates the change in the temporal
emission profile moving vertically from the cathode surface in increments of 2 mm.
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Ž .Fig. 4. Calculated afterpeak-to-plateau ratio as a function of increasing; A transition energy above the ground state at 6 mm; and
Ž .B sampling distance above the cathode surface. Fig. 4C is an expanded view of Fig. 4B denoting a large jump in the calculated
ratio.
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to and increase in the calculated ratio. A previous
report estimates electron temperatures in glow
discharge plasmas to be on the order of 2�4 eV
� �13 . Future studies will examine the electron
temperature inferred by this method for a variety
of analyte materials.

4. Spatial maps of atomic emission and
absorbance of copper atoms

In order to show the relative positions and
temporal responses of the differing emission
processes more clearly, spatial maps of atomic
emission and absorbance were collected under
the same glow discharge conditions over a series
of times in the pulse cycle. Each map consists of
368 spatial positions extending 10 mm laterally
and 18 mm horizontally from the cathode’s sur-
face. The low and high-energy emission maps
were selected based on intensity values and con-
structed by monitoring the emission from the
324.75 nm, 3.82 eV, and 368.74 nm, 7.12 eV
transition, corresponding to emissions from the
3d104p and 3d10 6d electronic states.

4.1. Ground state copper atom absorbance maps

The maps in Fig. 5 illustrate the two-dimen-
sional distribution of ground state copper atoms
throughout the pulse cycle. The large rectangle of
low absorbance extending 0.5 mm vertically and
�4 mm horizontally from the origin is easily
identifiable as the sample cathode and ceramic
Macor shield. When power is applied, argon ions
form through electron ionization and begin to
sputter the cathode surface. At 1.5 ms into the
pulse cycle the sputtering process has only just
begun, over the next 3 ms the sputtered atom
cloud extends outward, filling the glow discharge
chamber. At this time a steady state population is
reached that remains constant until 5.5 ms into
the pulse cycle, 0.5 ms past power termination.
During power application, the absorbance maxi-
mum is centered 1.5 mm above the edge of the
cathode surface and radiates spherically outward.
Each map exhibits a dip in absorbance intensity
close to the cathode surface, which has been

observed in previous absorption, fluorescence and
� �modeling studies 14�16 . As copper atoms sput-

ter off the cathode surface they are subject to
collisions with the argon bath gas. These colli-
sions result in thermalization or a dampening of
the initial kinetic energy that the sputtered atoms

� �possessed upon leaving the cathode surface 17 .
Once thermalized, the ground state copper atoms
diffuse radially into the negative glow where they
are subjected to collisional excitation and ioniza-
tion processes. These maps demonstrate that a
steady state population of copper atoms exists
throughout the plateau and afterpeak time
regime. Most notably, this shows that the spatial
position of excitation and ionization of copper is
not related to copper atom diffusion, but instead
related to the diffusion of the ionizing�excitation
collision partner, i.e. fast electron or metastable
argon atom.

4.2. Copper atom emission maps

The spatial and temporal responses of emission
from the 3d104p and 3d10 6d electronic states are
characterized in the maps shown in Figs. 6 and 7.
The low-lying electronic state of 3d104p is 3.82 eV
above the copper atom ground state. In contrast,
the 3d10 6d electronic state is substantially higher
at 7.18 eV. Each set of temporal maps is normal-
ized to the highest intensity value during the
pulse cycle for that particular transition, and rela-
tive changes to this maximum are reflected in
multiples of 10% of its value. For both transitions
the plateau intensity reaches a steady state value
3.0�4.0 ms into the pulse cycle. However, the
relative intensity for each is quite different. At 3.0

10 Ž .ms into the pulse cycle the 3d 4p 3.82 eV
emission reaches 90�100% of its pulse cycle tem-
poral maximum and extends radially outward. This
emission sphere remains constant over the next
2.0 ms until 0.1 ms past power termination. Com-

10 Ž .parison with the 3d 6d 7.18 eV emission, how-
ever, demonstrates a local maximum over the
plateau regime that is only 20�30% of its tem-
poral maximum. The relative positions of these
two plateau maxima coincide with the edge of the
ground state atom population observed in the
previous absorption maps. As discussed in a pre-
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Figs. 5�7.
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Fig. 8. Energy level diagram highlighting copper ion transi-
Ž .tions of interest, labeled A�B see Fig. 9 .

vious section, electron excitation is the dominant
excitation mechanism during the plateau time
regime. Because of the relative magnitude of the
energy states involved, electron excitation is the
most probable mechanism for populating the

10 Ž .3d 4p 3.82 eV electronic state. Populating the
10 Ž .3d 6d 7.18 eV electronic state at this time

through electron excitation would require an
electron of significantly higher energy or multiple
excitation steps.

Both temporal transition maps do not show
significant changes in intensity until 5.1 ms into
the pulse cycle. At this point, emission from the

10 Ž .3d 4p 3.82 eV electronic state begins to decline
from its temporal maximum. During this decline,
the center of intensity shifts further away from
the cathode into the negative glow. This change
in position occurs over a 0.6-ms time period, with

the center of the population maximum moving
from 2.5 to 5.5 mm from the cathode surface.
This shift in spatial position occurs with a reduc-
tion in intensity to 30�40% from the temporal

10 Ž .maximum. Emission from the 3d 6d 7.18 eV
electronic state, however, demonstrates opposite
behavior. Between 5.1 and 5.5 ms, emission origi-
nating from this electronic state increases in both
area and intensity reaching 90�100% of its tem-
poral maximum. This temporal maximum is lo-
cated 6 mm above the cathode surface and radi-
ates outward in all directions. Absorbance mea-
surements show no considerable movement of the
copper atom ground state population during this
time. The relative shifts of these electronic transi-
tions and changes in intensity must be attributed
to changes in excitation processes.

10 Ž .The shift in the emission from 3d 4p 3.82 eV
electronic state can be explained by the radiative
decay of higher electronic states, such as the

10 Ž .3d 6d 7.18 eV state, cascading to populate this
10 Ž .level. Excitation to the 3d 6d 7.18 eV state

during the afterpeak time regime arises from
recombination of copper ions with thermal elec-
trons producing highly excited copper atoms. The
spatial and temporal position at which this popu-
lation maximizes matches metastable argon maps
that have been previously produced in this

� �laboratory 9 . Metastable argon atoms are pro-
duced through a similar process where argon ions
recombined with thermal electrons. Once formed,
metastable argon atoms may lead to an increase
in the copper ion ground state through Penning
ionization. The afterpeak intensity of the 3d10 6d
Ž .7.18 eV continues to 5.6 ms and begins to col-
lapse over the next 1.0 ms. The position of the
collapse is localized at approximately 6 mm and
does not demonstrate any shift caused by atom
diffusion.

Fig. 5 Two-dimensional absorbance maps of the copper atom population monitored through out the pulse cycle using hollow
cathode emission at 324.75 nm.

Fig. 6. Two-dimensional maps of a low-lying atom electronic state 3.82 eV above the ground state, monitored by emission at
324.75 nm, throughout the pulse cycle.

Fig. 7. Two-dimensional maps of a high lying atom electronic state 7.18 eV above the ground state, monitored by emission at
368.74 nm, throughout the pulse cycle.
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Figs. 9 and 10.
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5. Classification of copper ion electronic states

An assignment of the copper ion lines was
carried out in a similar manner as the copper
atom transitions. The highest energy state that
was observed occurred 10.99 eV above the ion
ground state. All transitions exhibit emissions only
during the plateau time regime, that is none
demonstrate the afterpeak characteristic observed
in atom transitions. These results conflict with
previous reports from this laboratory, by which
cooper ion emissions were mistakenly assigned
� �3 . Of the observed transitions the 224.70-nm
shows unique behavior when compared with all
other electronic transitions collected and will be
discussed separately. Generalizations regarding
the remaining electronic states are inferred from
the two electronic regions depicted in the energy
level diagram illustrated in Fig. 8. The subsequent
emissions originating from these two electronic
states are depicted in Fig. 9 and represent emis-
sion behavior over different spatial regions in the
negative glow. Each transition reaches the steady
state, plateau, intensity within 2.0�3.0 ms into the
pulse cycle. The relative position for each maxi-
mum depends once again on the high-energy
electronic level of the transition.

The high-energy state, 3d84s2, occurs 10.95 eV
above the ion ground state and is monitored by

Ž .emission at 455.59 nm Fig. 9A . The behavior of
this line is indicative of the other 3d84s transi-
tions. The adjacent map, 5.0 ms into the pulse
cycle, demonstrates a discrete maximum 3 mm
from the cathode surface. This spatial distance
overlaps well with argon ion emission measure-

� �ments made in this laboratory 18 . The processes
most likely to populate these levels involve ioniza-
tion followed by electron excitation. This two-step
process explains the absence of any ion emission
in the afterpeak because electron excitation
processes have stopped. Previous reports on

metastable argon atom populations during the
plateau and steady state plasmas indicate a large
population of metastables within 1�2 mm of the
cathode’s surface. In this report, electron excita-
tion of copper atoms has been deduced to occur
at slightly greater distances. It is uncertain, how-
ever, to what degree Penning ionization is in-
volved in the ionization of copper atoms in this
two-step mechanism. The adjacent temporal map
at 5.4 ms demonstrates no appreciable change in
spatial position during the plateau and afterpeak
time regimes. The 3d94p levels are characterized
Ž .Fig. 9B , by the 213.60-nm transition that occurs
8.52 eV above the ion ground state. The most
probable mechanism for populating this level is
ionization followed by electron excitation fol-
lowed by radiative decay from the 3d84s levels.
Each transition from the 3d94p levels exhibits a
broad spatial maximum occurring 1�2 mm from
the cathode surface. This indicates that there is
no significant diffusion during the afterpeak time
regime.

Emission from the 224.70-nm line, originating
9 Ž .from the 3d 4p level 8.23 eV , exhibits a differ-

ent behavior from that of any other copper ion
Ž .electronic state studied Fig. 10 . The mechanism

and characterization of this transition has been
reported previously as charge transfer between a

5 2 Ž .metastable argon ion, 3p P 15.76 eV , and3�2
� �ground state copper atom 19,20 . This process is

very selective because the energy deficit between
these two species is only � E��0.02 eV. It is
important to note that emission at 229.40 nm,

9 Ž .3d 4p 8.23 eV , was not observed. The spatial
maximum of the 224.70-nm emission occurs 5 mm
from the cathode surface at 5.0 ms into the pulse
cycle. Unlike any atom or ion temporal profiles
collected previously, the emission intensity during
the 5.0-ms power pulse never reaches a steady
state value. Because copper atom absorbance
maps have demonstrated a steady state ground

Fig 9. The temporal emission profiles of copper atom transitions as depicted in Fig. 8, labeled A and B. Each transition
demonstrates the change in the temporal emission profile moving vertically from the cathode surface in increments of 2 mm.
Adjacent to each are a two-dimensional emission map taken at 5.0 and 5.4 ms.

Fig. 10. The temporal emission profiles of copper ion emission monitored at 224.70 nm as a function of increasing distance, with
two-dimensional emission maps.
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state population in the plasma within 4.0 ms of
pulse initiation, the absence of steady state be-
havior here is attributed to the production of the

5 2 Ž .metastable argon ion, 3p P 15.76 eV . No3�2
afterpeak behavior was observed for this copper
ion transition, as was the case in other copper ion
transitions studied. A further investigation of this
transition is planned.

6. Conclusions

Copper atom and ion emission profiles from a
pulsed glow discharge source are presented. All
copper atom transitions monitored demonstrate
both plateau and afterpeak behavior. During the
plateau time regime, population of the various
atom electronic states is accomplished primarily
by electron excitation. Once power is terminated,
population of the various atom electronic states is
through radiative decay of highly excited copper
atoms originating from the recombination of Pen-
ning ionized copper atoms and thermal electrons.
The ratio of afterpeak-to-plateau intensity for the
various copper atom transitions was found to
increase as a function of the upper energy state
of monitored transition. This ratio also suggests
an electron excitation temperature equivalent to
5.78 eV during the plateau time regime. Two-
dimensional emission maps of different copper
atom transitions were presented throughout the
pulse cycle. These maps demonstrate relative
temporal and spatial positions where electron ex-
citation and Penning ionization dominate. Copper
ion emission profiles exhibit only plateau behav-
ior. The most probable mechanism for excitation
to these electronic states, excluding 224.70 nm,
originated with or included electron excitation.
The emission monitored by the 224.70 nm line
was found to be very intense and characteristi-
cally different, in that it did not reach a plateau
intensity, than any other transition monitored.
Because no afterpeak was observed for this tran-
sition it can be deduced that charge exchange
does not play substantial role in the formation of
copper ions during the afterpeak time regime.
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