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The electron temperature in an expanding spark plasma used as active medium in a cadmium­
recombination laser was measured using the relative intensities of helium lines originated from 
ievels in local thermodynamic equilibrium. Measurements resolved in space and time show 
that the electron temperature at the conditions of maximum gain are 1000 and 600 Kat 5 and 
10 mm of the sparks, respectively. Rapid cooling occurs after the termination of the discharge­
current pulse, and the electron temperature reaches values below 1000 K. Subsequently, the 
electron temperature decrease is slow. The optical gain calculated for the 1.43-,um Cd (I)­
recombination-laser transition using the measured electron temperature and particle density 
values is 3 X w-- 3 em -I, in good agreement with measurements. 

I. INTRODUCTION 
The basic principles of the generation of coherent radi­

ation in plasma recombination were developed theoretically 
in a series of papers by Gudzenko et a!. 1•

2 Different excita­
tion methods and elements have been used to produce re­
combining plasmas emitting in several regions of the spec­
trum.3-7 A simple way to produce recombination-laser 
action using metal vapors was developed by Silfvast et a!. 8 

The device, called SPER for segmented plasma excitation 
and recombination, produces segmented plasmas by vapor­
izing the laser materiai with high-voltage, high-current 
pulses applied to the end of a series of thin, narrow, metal 
strips glued on an insulating material. The metal vapor plas­
mas expand hemispherically, cool in a buffer gas, and recom­
bine. 

The plasma electron temperature Te plays a very impor­
tant role in recombination lasers. In the conventional theory 
of three-body collisional recombination, the recombination 
rate that populates the laser upper levels depends on Te -- 912 

(Ref. 9 ). The laser gain consequently depends strongly on 
the value of the electron temperature. Also, the de-excitation 
of the laser upper levels by superelastic electron collisions is 
dependent on the eiectron temperature. Thereby, the maxi­
mum plasma density at which the laser can operate is a func­
tion ofT~ . Wood et al. have derived a simple expression to 
estimate this plasma density as a function of the electron 
temperature and wavelength of the laser transition. 10 

In the absence of electron temperature measurements in 
SPER discharges, Te values corresponding to other recom­
bination-laser plasmas have been used in SPER lasers calcu­
lations. 10 An electron temperature of 3000 K, corresponding 
to the afterglow of an axially excited Sr (I!) -recombination 
laser, 3 has been used to calculate rates in SPER discharges. 10 

Optical gains for Cd I laser lines calculated using this value 
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of T. and measured plasma densities differ from measure­
ments by two orders of magnitude. 

We have done measurements of To in a SPER discharge 
for the first time that are resolved in time and space. The 
density of recombining cadmium ions was also measured in 
the same device to allow fer consistency in laser gain calcula­
tions. 

A SPER device having 33 similar sparks was used to 
measure the gain in the 1.43-,um Cd (I) laser line. The value 
of the gain caiculated using the measured values of T. at the 
time and position of maximum amplification is in good 
agreement with the experimental measurements. 

II. EXPERIMENT 

Cd + density measurements in Oi (l) -recombination 
lasers have been previously reported. 10 We repeated the 
measurements with the purpose of allowing a more valid 
comparison between the gain calculated using the measured 
electron temperature and the experimental value. In this 
way, all the parameters used in the caiculation and, the gain 
itself, are known to be measured using the same sparks and 
under very similar conditions, 

A simple SPER device similar to that designed by Silf­
vast et al. H was used to produce laser action in cadmium 
vapor. Thirty-three 1-mm-thick by 2-mm-wide cadmium 
1 0-mm long strips with a 1-mm gap between them were used. 
The strips were fixed to a glass plate and installed in a gas cell 
filled with helium at a pressure of lOT orr. The buffer gas was 
circulated at a low rate by use of needle valves in order to 
remove impurities after the fires. Two internal, long-radii 
goid mirrors were used to produce oscillations in several 
infrared lines of Cd (I). The coupling was made by a 2-mm­
diam hole in the output mirror. The strips were allowed to be 
moved parallel to, and from S to ! S mm of the axis of the 
resonator. 

A 20-nF low-inductance capacitor charged up to 10 kV 
produced 42-A peak-current pulses of 450-ns FWHM when 
switched by a pressurized spark gap triggered at a 10-Hz 
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repetition rate. The laser oscillation of three lines in the near 
infrared at I. 398, 1.433, and 1.448 p.m was detected by a 
room-temperature Ge diode and a 50-cm focal length mono­
chromator. The 1.433-,um line was the most intense. The 
laser oscillation starts approximately 25 f-lS after the current 
pulse and has a typical duration of 30 f-lS . 

T.he electronic temperature and the ionic- and atomic­
cadmium ground-state densities were measured using a re­
duced three-strip configuration. Only one gap was fired in 
the temperature measurements. One and two gaps were used 
to measure the atomic- and ionic-ground-state densities by 
use of the resonant absorption technique. 11 An external low­
inductance resistor was used in this part of the experiment in 
order to reproduce the electronic-discharge-current pulse of 
the 33-strip laser. The light from the reduced device was 
focused using quartz optics on the slit of an Ebert monochro­
mator. The detection was made by photomultipliers (EMI 
9634QB in the UV and Hamamatsu R446 in the visible) 
using a Boxcar integrator triggered by a current-coil moni­
tor. 

A. Electronic temperature measurements 

We have measured the relative intensity of the He (I) 
lines in the 2s 3S-np 3P series in order to obtain the electron 
temperature in the plasma. The measurements were made 
using the reduced 3-spark system. Two zones of the expand­
ing hemispherical plasma were selected by approptiate 
diaphragms inside the gas cell. An outer zone was selected 
between 9 and 11 mm above the electrodes. An inner zone 
was selected between 4 and 6 mm above the electrodes. The 
intensity of the He (I) lines as properly corrected in accor­
dance with the response of the whoie optical system, lenses, 
monochromator, and photomultiplier. The detection system 
response was determined using NBS calibrated tungsten-rib­
bon lamp. 

cdn 11110) 
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According to Griem, 12 a level n is in local thermody­
namic equilibrium ( LTE) with level n + 1 if the electronic 
density is over a value n. , where ne, in cm-·3, is given by 

(7.4 X 108
) I kT. \ 112 

( (En -En+ 1 )'\ 

n. = ~ n'7/ 2 \ 13.6} exp --- kT. } , (1) 

where En, the energy of level n, and T. are in e V. 
Under the discharge conditions of these experiments, 

the electron density is measured to be in the vicinity of 
l X 1012 cm-3

, and the electronic temperature T. >600 K. 
At these conditions, levels with n>6 will be in LTE within 
10%, with the neighboring level. In addition to the fulfill­
ment of the criterian of Eq. ( 1), it is necessary that changes 
in electron temperature are small over time, r, characteriz­
ing the establishment of an equilibrium. For the levels of 
interest and the values of n., T. found in this work, result in 
r,. < 10-7 s. 12 This short time implies that the transient na­
ture of the plasma does not cause deviation from LTE 
between excited-state populations in our measurements. 

Figure 1 shows a partial spectrum of the light emitted by 
the reduced 3-spark device. The light was selected from the 
region centered 10 mm above the strips and the spectrum 
was taken with the Boxcar gated 50 ,us after the current 
pulse. Four lines of the 2s 3S- np 3 P He series with n>6 can 
be observed. 

Iflevels n and n' are in LTE, the intensity of the lines 
originated there are related to kT. by 

kT. =- (E~ -En) [ln(J'3n'3/n,/A.3n3Jn)]-l, (2) 

where .it and .it' are the wavelengths of the lines with intensi­
ties I, and In· , respectively. 

Neutral density filters reduced the intensity ofthe stron­
gest lines. Cd (I) and Cd (II) lines appearing in this spectral 
region are also shown. Figure 2 shows the results for ln ( II 

----l 

Cdl 11/10) 

HG. !. The partial spectrum of the 
He-Cd spark discharge obtained from 
the plasma region 10 mm over the Cd 
strips. The intensity wa.~ recorded 50 
flS after the current pulse. Some high­
intensity lines are attenuated by ten. 

4448 J. Appi. Phys., Vol . 61, No. 9, 1 May 1987 Villagran eta!. 4448 

Downloaded 06 Jut 2006 to 129.82.233.53. Redistribution subject to AlP license or copyright, see http://jap.aip.org/jap/copyright.jsp 



r----· 
"'I 
I 
I 

I 

0.05 0.1- 015 o.z 0.25 b.E (eV) 

FIG. 2. Thesemiiogarithmicplotsoflineintensitiesofthe2s'S-np'P He (I) 
series. The values were obtained 50 p.s after the discharge. The radial posi­
tion and corresponding values for T. are indicated at the right. 

J. 3n31) vs b.E(n, n') for the light coming from regions cen­
tered 5 and 10 mm over the strips at 50 f.JS after the discharge 
firing. Data for each condition were fitted by straight lines 
using a least-squares routine. The values for Te given in the 
figure were calculated using Eq. (2). The relative errors 
were below 20% showing that L TE is reached for the levels 
involved. The values for Te were substantially lower than the 
values found in the axially excited Sr (H)-recombination la­
ser3 and used for early calculations of electron density limits 
in plasma-recombination lasers. 10 

By the use of an electronic gate in different temporal 
positions we determined the electronic temperature over the 
time range 20-100 f.tS after the current pulse. Before 20 fLS, 

the measurements were made all the more difficult by the 
noise related to the discharge current; after 100 f.JS, the inten­
sities of He (I) lines were negligible. In Figure 3, we show 
the time dependence of the intensity of He (I) lines used in 
the temperature measurement. Diaphragms were used to se·· 
lect the light coming from the region situated 9-11 mm over 
the strips. Figure 4 shows the electron temperature evolution 
for two plasma regions, situated at 5 and I 0 mm from the 
strips. The temperature is relatively constant during the la­
ser oscillation around 40 /.tS, but the cooling produced by the 
plasma expansion is clearly seen. 

B. Particle density measurements 

The ground-state densities ofCd (I) and Cd (II) were 
measured using the absorption technique of Landenberg and 
Reiche. 11 The two-gap reduced device was used in this part 
of the experiment. One of the spark gaps is used as a light 
source to measure the absorption by the second gap. Both 
sparks are identical by construction. Since they are operated 
in the same cell and a:re in series, the temperatures in both 
plasmas are the same. Consequently the 1inewidths in both 

4449 J. Appl. Phys., Vol. 61, No.9, 1 May 1987 

Jul 2006 to 129.82.233.53. Redi 

).. = 2629 $. (i/10) 

I 
~ 
I 
I 

<.f\ I .... 
r·=1 em z 

I => 
gg 
<( 

>-

' 
1-
Vi 
:z: .... 
1-

)..= 2723 A !:: 

o~~,o--~w7-~3~o~~--~~~~·--~~~~ 

TIME ~s) 

FIG. 3. The temporal profile of He (I) lines used to determine the elec­
tronic temperature. The radial position is 10 mm over the strips. 

sparks can be expe<--ted to be equal. The light coming from 
zones situated at 4-6 mm or 9-11 mm from the sparks was 
properly selected by the use of diaphragms. The density of 
Cd (I) and Cd (II) ground states were determined using the 
3261, 2288 A and 2144, 2265 A lines, respectively. The ab­
sorption coefficients measured in 1-cm-long plasmas were 
k0 (3261 A)= 0.11 + 0.03 cm- 1 and k 0 (2144 
A) = 0. 93 ± 0.05 em -l in the region closer to the gaps, and 
k 0 (2288 A)=0.11±0.02 cm·-I and k 0 (2265 
A) = 2. 92 ± 0.04 em-- 1 at 10 mm from the gaps. Using the 

r-

l nl 
1) 

"f 10r 
9 

."" 8 N 

~ 

~ 7 

6 

5 

\ 
\ r=0.5 em I 

I 
I 
I 

~ ..... " - I 
_j 

w m ~ ~ ~ ~ ~ M ~ ~ 

TIME Y,.sl 

FIG. 4. TI1e temporal dependence of the electronic temperature; the radial 
positions over the stips are shown. 
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values for k0 , the densities for the Cd (I) and Cd (II) 
at 40 f.-i-S after the discharge pulses were found to be 
[Cd(I)]=(3±l)Xl011 cm-- 3

, (Cd(II)] 
= (2.0 ± 0.1) X 1012 em --J at 5 mm over the strips, and 
[Cd (I)j = (6 ± 1) X 109 cm- 3

, [Cd (II}]= (9.8 ± 0,1) 
x 1011 em- 3 at 10 mm from the strips. The ion density is in 
good agreement with the measurement of Wood et al. 10 

Knowledge of the plasma density is important to calcu­
late the recombination rate, collisional de-excitation rates, 
and optical gain. Emission from the most intense lines of 
Cd (III) (e.g., 2767,2805, and 3035 A) was undetectable at 
the time when laser action took place (25-55 f.tS) . Multiply 
charged ions, that might be created during the discharge 
recombine at early times in the afterglow. The positively 
charged particles at the time of laser oscillation are reduced 
to Cd (II) and He (II). 

We have determined the Cd (II) density by absorption 
measurements as previously described. Similar measure­
ments of He (II) are made all the more difficult by the short 
wavelength of the He (II) resonant lines. However, a study 
of the intensity of spectral lines at the time significant optical 
gain is obse.rved, show that the He (II) concentration can be 
neglected as compared with the Cd (II) density. We com­
pared the intensities of Cd (I) lines excited by recombina­
tion of Cd (II) with the intensity of a large number of 
Cd (II) lines that originate from levels that are excited by 
change transfer reactions from He (II), and with He (I) 

iines excited by recombination of helium ions. During the 
time of the laser action, the Cd (II) and He( I) lines are 
more than one order of magnitude less than the lines of the 
Cd (I) spectrum. As an example, the time evolution of the 
intensity of three spectral lines corresponding to Cd (I), 
Cd (II), and He( I) is shown in Fi.g. 5. The evolution of the 
1.433-,um laser intensity is also shown to provide a time ref­
erence, its intensity being in a different scale. In summary, 

our observations confirm, as previously concluded, 10 that 
the plasma density is practically equal to the Cd (II) density 
at the time when laser action occurs. 

C. Gain measurements 

The optical gain of the 1.433-!J.m laser termination of 
Cd (II) was measured using the 33-strip laser. A rotating 
glass plate was installed inside the gas cell in order to intro­
duce a calibrated loss by tilting it with respect to the Brew­
ster angle. The coupling loss due to the hole in the output 
mirror was calculated to be 4%. When the resonator was 
aligned 7 mm over the strips, the single pass gain was mea­
sured to be 9% for the 36-cm-long active medium. This cor­
responds to a small signai gain coefficient of 2.5 X 10- 3 

cm - 1• 

m. OPTICAL GAIN CALCULATiONS 

We considered that the Cd (II) ions recombine by a 
three-body collisionai process to populate the high-energy 
levels of Cd (I). By collisional and radiative cascade, these 
levels are assumed to populate the upper level of the 1.433-
,um line at a rate P, given by 

P=a Cd (Il)n;re- 912
, (3) 

where a is the three-body collisional recombination coeffi­
cient. The upper- and lower-laser levels are depleted by ra­
diative decay and superelastic electron de-excitation. The 
lower level was assumed to be populated by radiative and 
collisional decay from the upper level. Published Cd (I) ra­
diative lifetimes13

•
14 and electron de-excitation rates derived 

by Wood et al. 10 were used. 
Assuming that the plasma density is equal to the con­

centration of Cd (II) ground-state ions, and using the mea­
sured values: Te = 600 K and Cd (II)= 9.8 X 101

' cm- 3 at 

FIG. 5. The intensity oflines related 
to Cd (Il) density and He (I) den­
sity, as a function of time after the 
discharging firing. The Cd (I) line 
intensity is reduced by ten. The evo­
lution of the laser output in r.he 
1.433-,um Cd {[) line is also shown; 
its intensity is in a different scale. 
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10 mm from the gaps, a small signal gain of 3 X 10--3 em- 1 is 
obtained. The calculated gain in the region at 5 mm from the 
sparks, measured at Te = 1000 K and Cd (II} = 2X 1012 

cm- 3 , was 1.5 X 10- 3 cm- 1
. The value of the gain measured 

aligning the resonator axis at 7 mm from the gaps, 2.5 X w--J 
em- 1

, falls in between the calculated values at 5 and 10 mm. 

IV. SUMMARY 

We have made space- and time-resolved measurements 
of the electron temperature in the plasma of a cadmium 
SPER-recombination laser. The electron temperature at 10 
mm from the discharge gaps, was found to be 600 K at the 
time of maximum gain. At the same time Te at 5 mm from 
the gaps was found to be 1000 K. 

Most of the plasma cooling occurs in the first several11-s 
after the termination of the current pulse when both the plas­
ma expansion and elastic collisions make their maximum 
contribution to the cooling of the electron gas. At this time, 
the rate of change of the plasma volume and the difference 
between Te and the atomic and ionic temperatures are maxi­
mum. After this initially rapid decay, the rate of change in T. 
is small, and T. at 10 mm from the discharge gaps remains at 
approximately 600 K for lOO fLS. The rapid cooling of Te to 
thermal values is one of the fundamental reasons of the suc­
cessful use of SPER devices in the generation of a significant 
number of new laser lines. 15 

The cadmium ground-state ion density at the condition 
of maximum gain was measured to be 9.8X 1011 cm-1 and 
2X 1012 cm- 3 in the region centered at 5 and 10 mm from 
the sparks, respectively. No evidence of significant concen­
trations of other ion species was found at the time laser ac­
tion took place, confirming that the plasma density is practi­
cally equal to the density of Cd (II), as previously 
suggested. 10 
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The magnitude of the small signal gain of the Cd (I) 
1.433-,um line calculated using the measured vaiues of the 
plasma parameters is in good agreement with the measured 
gain of 2.5 X w-- 3 em-'. 
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