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We report spectral-interferometry measurements of the concentration and the spatial distribution 
of copper vapor in a high voltage, segmented hollow cathode discharge, which is an efficient source 
for laser light generation. The concentration of sputtered copper atoms was found to be in the order 
of 1014 cm ~3 at currents of 0.6-1.0 A in a 5 cm long, 4 mm bore diameter discharge tube, operating 
in argon buffer gas. At high pressures and relatively low current densities the sputtered metal 
concentration forms two maxima near the cathode surface. With increasing current and decreasing 
pressure these two maxima move towards the center of the discharge. This result may account for 
the fact that at certain discharge parameters the segmented hollow cathode lasers operate in higher 
order transverse modes near the threshold. The measurements of copper vapor concentration show 
increased sputtering compared to conventional hollow cathodes, which is considered to be one of 
the reasons for segmented hollow cathode metal ion lasers being more efficient. 
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1. Introduction 

Hollow ca thode discharges provide an efficient way 
to excite metal ion laser transitions. The metal vapor 
is p roduced by ca thode sputtering, and the laser t ran-
sition is pumped by the thermal energy charge transfer 
reaction between the ground state positive ions of the 
buffer gas and metal a toms [1]. High voltage hollow 
ca thode discharges - such as the newly developed 
segmented hollow cathode discharge (SHC) shown in 
Fig. 1 - exhibit higher stability and improved laser 
per formance [2-4] compared to lasers operat ing in 
convent ional (low voltage, slotted or cylindrical) hol-
low ca thode discharges. The high gain provided by the 
S H C discharge makes it a possible pumping source for 
potential V U V laser transit ions of C u - I I in the 1 5 0 -
1 7 0 n m wavelength range [1]. However, to achieve a 
gain which would be sufficient for this short wave-
length range, several parameters of the discharge have 
to be optimized. 

The excitation rate of metal ion laser transitions is 
p ropor t iona l to the product of the ground state metal 
vapor density and the buffer gas ion density [1], thus 
measurements of concentration and of the spatial distri-
bution of the sputtered metal vapor is of basic impor-
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tance for designing and optimizing the discharge con-
structions. Apar t f rom applicat ions for lasers, glow 
discharges including sputtered metal vapor also play 
an impor tan t role in mass spectrometry [5] and spec-
troscopic light sources [6]. The presence of the sput-
tered ca thode material in the discharge plasma can be 
studied by emission spectroscopy [7], absorption meth-
ods [8-10], laser induced fluorescence [11] and by spec-
tral interferometry [12, 13]. 

• I epoxy 

Fig. 1. Cross section of the segmented hollow cathode (SHC). 
The spatial distribution of the Cu atom concentration was 
measured along the cathode-cathode (C-C) and anode-
anode (A-A) sections. 
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Absorption techniques based on the change of the 
intensity of the transmitted light through the plasma 
have already been applied to determine the spatial 
distribution of the metal vapor density in laser-pur-
pose hollow cathode discharges [8,9], On the other 
hand, the spatial distribution of metal vapor concentra-
tion has not yet been investigated in the SHC discharge, 
and the only data for copper vapor concentration are 
available from spatially averaged time - resolved ab-
sorption measurements [10]. SHC discharges are 
characterized by voltage - current curves which ex-
hibit a much higher slope than conventional hollow 
cathode discharges and operate at voltages in the 
500 V-1000 V range. Therefore the sputtering is more 
efficient compared to conventional hollow cathodes 
due to the higher ion energies in the SHC discharge. 
As the increase of current in the SHC is accompanied 
by a significant increase in voltage, the concentration 
of sputtered metal is expected to increase faster with 
the current than in conventional hollow cathode dis-
charges. Since the sputtered metal has an easy access 
into the plasma volume, the metal vapor concentration 
should be higher than in other high voltage hollow 
cathode constructions such as the hollow-anode-cath-
ode discharge [14], Also, due to the special electrode 
arrangement, the density distribution of the sputtered 
metal has neither cylindrical symmetry (like in a cylin-
drical hollow cathode [8]) nor a one dimensional de-
pendence (as in a plane-parallel hollow cathode]), but 
it is expected to have a different spatial distribution 
between the cathode and anode segments. Due to 
the special electrode arrangement, the distribution of 
sputtered metal cannot be deduced from the data ob-
tained in cylindrical and plane-parallel hollow cath-
odes. 

Copper ion lasers are pumped by thermal charge 
transfer from He ions (780.8 nm) or by Ne ions (e.g. 
248.6 nm), and a small percentage of Ar is often in-
cluded to assist the sputtering (e.g. H e + 4 % Ar at a 
total pressure of 10-25 mbar). The present work con-
cerns the spatial variation of ground state Cu in a SHC 
discharge in Ar at a pressure in the range 2 - 4 mbar. 
In the He + Ar mixture used in the lasers, the Ar + ions 
play an important role in producing the copper atoms 
by sputtering. Thus, as in the pure argon discharge the 
dominant particles for sputtering are also Ar + ions, 
the results obtained for the argon discharge are useful 
for the understanding of discharge processes in the 
He-f-Ar discharges as well. 

The method used in our present measurements -
spectral interferometry - utilizes the density depen-
dent change of the refractive index in the vicinity of 
spectral lines to determine particle concentrations 
[12, 13]. In the interferometer a white light interfero-
gram is formed and the particle concentration can be 
determined from the distortion of the interference pat-
terns near the spectral lines. This method has already 
been used successfully for the diagnostics of different 
types of gas discharges [13]. The advantages of the 
method are its accuracy, high spatial resolution, and 
that the spatial distribution of the particle density 
along one transverse direction in the discharge can be 
recorded simultaneously, during a short time of dis-
charge operation. 

Our results indicate that the segmented hollow 
cathode discharge provides more efficient sputtering 
than the conventional hollow cathode discharges, 
which is advantageous for cathode sputtered metal 
ion lasers. 

In Sect. 2 we describe the experimental appara tus 
and briefly summarize the basics of spectral interfer-
ometry. The results of our measurements are pre-
sented and discussed in Sect. 3 and summarized in 
Sect. 4, respectively. 

2. Exper imental Setup and Data Evaluat ion 

The experimental setup used in our measurement of 
atomic copper densities in the segmented hollow cath-
ode (SHC) discharge is shown in Figure 2. The inves-
tigated discharge tube was situated in the 85 cm long 
test - arm of a Mach - Zehnder interferometer. The 
beamsplitters (BS1 and BS2) and the mirrors (Ml and 
M2) had 50 mm diameter. The LI, L2, and L3 lenses 
and the M3 and M4 mirrors were aligned using a 
He-Ne laser. The interference pattern, localized in the 
center of the discharge is imaged onto the entrance slit 
of a Jobin Yvon HR1000 spectrograph. The illuminat-
ing light source used for our measurements was a 
capillary discharge emitting a strong radiation over 
the whole ultraviolet and visible wavelength range. 
The discharge was established between two graphite 
electrodes in a 1 mm hole drilled in a 5 mm thick 
plastic plate. The interferograms were recorded on a 
photographic plate positioned at the exit plane of the 
spectrograph (cf. Figure 3). 

The measurements were carried out using argon 
buffer gas in order to have a sufficiently high sputter-
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Capillary 
discharge 

Fig. 2. The experimental setup of spectral interferometry measurements. 

324.8 nm 327.4 nm 
X 

Fig. 3. Spectral interferometric recording 
in the vicinity of the C u - I resonance lines. 
Discharge conditions: p = 3mbar, 1 = 1 A. 

ing rate of the cathode material. A slow flow of the gas 
was applied to maintain cleanliness of the discharge 
tube. The current pulses applied to the tube were ap-
proximately 1 sec long, to approach D C conditions. 
The discharge tube was water-cooled to avoid over-
heating. The range of currents employed was 0 .6 -
1.0 A, resulting in 0.2-0.35 A/cm 2 current density on 
the cathode surface. The argon pressure was in the 
range of 2 - 4 mbar. 

The cross section of the segmented hollow cathode 
discharge used in our measurements is plotted in Fig-
ure 1. The discharge tube was 5 cm long and had 
4 mm inner diameter. The electrodes were made of 
high purity, oxygen free (OFHC) copper. The elec-
trodes were separated by thin ceramic spacers to main-
tain a 0.3 mm gap between them. Durol type 15 epoxy 
resin was used to glue the electrodes together. 

The spectral lines used for the spectral interferome-
try were the 324.8 nm and 327.4 nm resonance lines of 
C u - I . After the measurements the interferometric 

recordings were digitized and evaluated using com-
puter programs developed for this purpose [13]. The 
evaluation of the interferograms was based on a two-
dimensional Fast Fourier Transform [15]. The inter-
ference fringes were transformed into the frequency 
domain. Applying proper filtering and executing the 
inverse F F T transform, the spatial distribution of the 
<P phase of interfering waves (depending on the a wave-
length and the x position along the measured direc-
tion) is obtained: 

<E(A, x) = 2 n k(yI, x) = arctan *^ m 

where If(a, x) is the spatial dependence of the frequen-
cy-filtered intensity. Using this phase information, the 
particle concentration can be calculated from 

32 1 
k(a, x) = A(/., x)+^N(x) fik L , (2) 

2 Tt Z - At 
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where A{/., x) is known from the settings of the inter-
ferometer and does not depend on the sputtered atom 
concentration, r 0 is the classical electron radius, fik 

and /.ik are the oscillator strength and wavelength of 
the '/Tc' transition, L is the length of the discharge and 
N is the concentration of examined particles. More 
details on the experimental apparatus and data acqui-
sition can be found in [13], 

Our results for the Cu atom concentration are pre-
sented for the ca thode-ca thode and anode -anode 
sections of the SHC discharge (see Figure 1). 

3. Results and Discussion 

The metal vapor density measurements were car-
ried out at different discharge conditions to study the 
effect of the gas pressure and discharge current. 

As an illustration of the method of the measure-
ment, Fig. 3 displays one of the recorded interfero-
grams, for discharge conditions p = 3 m b a r pressure 
and 1.0 A current. The distortion of the interference 
fringes near the vicinity of the two resonance lines of 
C u - I is clearly visible in the (/., x) plane. We note that 
the oscillator strength of the 324.8 nm transition is 
twice the value of that of the 327.4 transition. There-
fore the phase distribution near the 324.8 nm line was 
used for the evaluation of the concentration, as the 
higher oscillator strength results in higher sensitivity 
(see. eq. (2)). 

Figures 4 and 5 show the N(x) spatial distribution 
of Cu atom concentration in the ca thode-ca thode 
and a n o d e - a n o d e sections of the discharge, respec-
tively, for p = 3 m b a r and currents between 0.7 and 
1.0 A. It can be seen that at constant pressure the 
average concentration of sputtered metal increases 
with increasing discharge current. The measurements 
in the ca thode-ca thode section (Fig. 4) indicate that 
the maximum concentration of Cu atoms can be 
found at approximately 0.5 mm distance from the 
cathode walls. The position of the peaks of N(x) move 
slightly towards the center of the discharge with in-
creasing current. It can also be seen in Fig. 4 that the 
copper concentration in the center of the discharge 
increases % 1.5 times faster with increasing current 
than the peak value of N(x). The progressively more 
uniform distribution of copper in the central region of 
the discharge at higher currents is favourable for the 
laser operation. The copper concentration in the axis 
of the discharge in Figs. 4 and 5 (obtained from the 
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Fig. 4. The N(x) density distribution of Cu atoms in the 
cathode-cathode (C-C) section of the discharge at 0.7-1.0 A 
discharge current, for 3 mbar argon pressure (Note that 
Figs. 4 - 8 show only the needed part of the ordinate). 

measurements in the C - C and A - A sections, respec-
tively) agrees well for the currents 0.7 A and 0.8 A. At 
higher currents, however, higher density was obtained 
in the measurements in the A - A section. These values 
are still in reasonable agreement with each other con-
sidering the estimated ± 1 0 % accuracy of the mea-

- 2 - 1 0 1 2 
x [mm] 

Fig. 5. The N(x) density distribution of Cu atoms in the 
anode anode (A-A) section of the discharge at 0.6-1.0 A 
discharge current, for 3 mbar argon pressure. 
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surement (also including repeatability of the discharge 
pulses and errors of data acquisition). 

The typical shape of the N(x) curves such as shown 
in Fig. 4 can be explained by the following discharge 
mechanisms. The bombardment of energetic heavy 
particles (fast A r + ions and fast Ar atoms) result in the 
ejection of copper a toms from the surface with a typ-
ical energy of several eV. These sputtered fast atoms 
thermalize via collisions with buffer gas atoms as they 
proceed towards the center of the discharge. The ther-
malization can be considered complete when the tem-
perature of copper a toms is equal to the background 
gas temperature. The motion of the thermalized atoms 
is governed by diffusion. The surfaces of electrodes act 
as sinks and in some buffer gases the copper atom 
concentration is also depleted by the thermal charge 
transfer (laser-pumping) process. 

In the a n o d e - a n o d e section (Fig. 5) the concentra-
tion is low near the anodes (as they act as perfect sinks 
for the metal vapor). The distribution in the a n o d e -
anode section has a quite flat maximum around the 
axis of the discharge. 

The values of Cu a tom concentration agree well 
with the spatially averaged copper concentration (ob-
tained by absorption technique) obtained in [10]. For 
example, the average Cu concentration was found to 
be 7 x 101 3 c m - 3 at 1 A ( » 0 . 3 A c m - 2 current den-
sity) current and 12.5 mbar pressure, in He -I- 4% Ar 
mixture [10]. In our similar SHC discharge tube the 
average copper concentration is approximately 3 0 -
40% higher, at the same current of 1 A, at 3 mbar 
argon pressure. Previous absorption measurements 
and calculations of spatial distribution of copper vapor 
have been carried out for neon buffer gas for cylindri-
cal [8] and plane-parallel [9] hollow cathodes. In [8] 
peak copper densities in the order of 6 x l 0 1 3 c m - 3 

were reported, for current densities » 0 . 1 A c m - 2 . In 
plane-parallel hollow cathodes peak concentrations up 
to 1.3 x 101 4 c m - 3 have been obtained for 0.2 A c m - 2 

current density [9]. In this case the separation of the 
cathodes was 2 mm, which is about half the distance 
of cathodes in our SHC discharge. Thus comparing 
our results with those, it is obvious that in a smaller, e.g. 
2 mm diameter SHC discharge a significantly higher 
metal vapor concentration can be expected. Although 
the sputtering coefficients of argon are somewhat 
higher than that of neon, we can conclude that the 
segmented hollow cathode discharge provides more 
efficient sputtering than the conventional (cylindrical or 
slotted) hollow cathodes. This leads to lower threshold 
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Fig. 6. The N(x) density distribution of Cu atoms in the 
cathode-cathode (C-C) section of the discharge at p — 2, 3 
and 4 mbar argon pressure, for / = 0.7 A. 

current and increased gain of metal ion lasers operat-
ing in SHC discharges [1 - 4 ] and thus is considered to 
be one of the reasons for their more efficient opera-
tion. 

The spatial distribution of copper a tom density in 
the segmented hollow cathode discharge, along the 
ca thode-ca thode section is displayed in Fig. 6 for dif-
ferent buffer gas pressures and for a fixed current of 
7 = 0.7 A. It can be seen in Fig. 6 that with decreasing 
pressure the peaks of N(x) move towards the center of 
the discharge. The average Cu concentration also in-
creases with decreasing pressure and an increased 
copper density can be obtained in the center of the 
tube. It can also be seen that with increasing pressure 
the dip in the distribution in the middle of the dis-
charge gets deeper, as it is less probable that the cop-
per atoms reach the center. 

Figure 7 shows the dependence of the copper con-
centration in the center of the discharge for different 
pressures. It can be seen that the concentration in-
creases with decreasing pressure. As the dip in the 
N(x) distribution at lower pressures is less than at 
high pressures, the concentration at the axis increases 
slowly with current at lower pressure. At higher pres-
sure (4 mbar) the dip at the axis is being filled due to 
the moving of the two peaks towards the center of the 
discharge at this results in a relatively higher rate of 
change of N(x = 0) with current. 

_l i I i I i I i L 
- 2 - 1 0 1 2 
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Fig. 7. The Cu atom concentration in the middle of the dis-
charge versus the discharge current at p = 2, 3 and 4 mbar 
argon pressure. 
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Fig. 8. The Cu atom concentration in the middle of the dis-
charge versus the discharge current to argon pressure ratio. 

We have found that the values of Cu concentration 
plotted as a function of the current (I) to pressure (p) 
ratio closely (within the estimated accuracy of ± 10%) 
lie on a universal curve, shown in Figure 8. The reason 
of this 'universal' relationship has not yet been clari-
fied. However, we note that the discharge voltage of 
the SHC was found to scale with the I/p ratio [2]. The 
similar behaviour of copper a tom concentration may 
be attributed to the fact that the sputtering rate has a 
strong dependence on the energy of ions bombarding 
the cathode, which is influenced by the discharge 
voltage. 

Since the excitation rate of metal ion lasers is pro-
portional to the product of the ground state metal 
a tom concentration and the buffer gas ion concentra-
tion, it is important to investigate the behaviour of 
sputtered metal in hollow cathode discharges. As we 
have carried out our measurements in argon gas and 
in a different pressure range than that used in metal 
ion laser, our result can only be connected qualita-
tively to the properties of metal ion lasers. Our results 
indicate that the pumping rate may vary considerably 
in the cross section of the SHC discharge. This may 
give rise to different than T E M 0 0 transversal mode 
operation. Higher order transversal modes have al-
ready been found to have highest gain (lowest threshold 
current) in an SHC discharge [16]. The other impor-
tant species in the pumping of the metal ion lasers, the 
buffer gas ions were found to have a sharply peaked 

source function [17] and consequently a density distri-
bution with a maximum around the discharge axis 
[18] in SHC discharges. Measurements on the spatial 
distribution of small signal gain of the 780.8 nm H e -
C u + laser have confirmed that at low buffer gas pres-
sures the gain is peaked at the axis of the discharge 
and at higher pressure the small signal gain has two 
maxima off-axis [19]. 

4. Conclusions 

We have applied spectral interferometry to investi-
gate the dependence of the concentration and spatial 
distribution of sputtered metal on the buffer gas (Ar) 
pressure and discharge current in a segmented hollow 
cathode discharge. The spatial distribution of metal 
vapor is consistent with the gain distribution of metal 
ion laser lines in the cross section of the discharge. 

We have shown that 

(i) in the ca thode-ca thode section of the discharge 
the metal vapor concentration has two peaks near 
the cathode surface (similarly to plane-parallel 
hollow cathodes [9]), 

(ii) the position of the peaks of the metal vapor con-
centration move towards the center of the dis-
charge with decreasing pressure and also with in-
creasing current, 
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(iii) with increasing current the metal vapor concen-
tration on the axis increases faster than the peak 
concentration. 

(iv) in the a n o d e - a n o d e section of the discharge, the 
maximum concentration is always found on the 
discharge axis and exhibits a broad maximum. 

The typical peak metal vapor concentration was 
found to be in the order of 1 —1.5 x 1014 c m - 3 for a 
discharge current in the order of 0.6-1.0 A in our 5 cm 
long SHC tube. The data obtained in our measure-
ments can be used for future optimization of the dis-
charge construction and also for validation of models 
of the SHC discharge [18]. Comparing the present 
concentration data with data obtained in conven-
tional (cylindrical or slotted) hollow cathode dis-
charges, we can conclude that the segmented hollow 
cathode discharge provides more efficient sputtering 

of the cathode material. This is considered to be one 
of the reasons leading to the more efficient operation 
of SHC discharge metal ion lasers. 

The study reported here is a part of the diagnostics 
and optimization of high voltage hollow cathode dis-
charges aimed at more efficient ultraviolet laser light 
generation and the demonstration of continuous vac-
uum-ultraviolet laser action in copper vapor. 
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