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A Parametric Study of the Output of the Optically 
Pumped Continuous Wave CF4 Laser 

M .  Hartemink and H.  P. Godfried 

Abstract-A parametric study of laser output versus CF4 
pressure and temperature was performed and correlated with 
a model for the gain in the system which includes the relevant 
relaxation processes. Lasing in CF4 was observed at tempera- 
tures below 170 K. Cooling the CF4 gas the output power of the 
laser increased from 3 mW at 142 K to 5 mW at 113 K, when 
4% of the radiation was coupled out. Chopping the pump, the 
16 pm signal was seen to consist of a peak decaying in approx- 
imately 2 ms superimposed on a CW background. This decay 
is caused by the slow relaxation in the CF4 laser resulting in 
filling of the lower laser level. For the CW CF4 laser vibrational 
relaxation from the laser lower level is even slower than dif- 
fusion to the cold cell walls. In an attempt to increase the re- 
laxation rate HD was added. In this molecule, the J = 1 + 3 
rotational transition at 447 cm-' is almost resonant with the v2 
vibration in CF4. Maximum CW output was increased by 25% 
in a mixture containing 10% HD. At the same time the lasing 
pressure range was extended. 

I. INTRODUCTION 
HE 16.3 pm optically pumped CF4 laser has been T demonstrated in the pulsed regime [1]-[3] as well as 

in CW operation [4]. Pumping with the 9R (12)  CO2 emis- 
sion line, shifted by approximately 30 MHz from line 
center to coincide with the R f ( 2 9 ) v 2  + v4 A :  + E 9  + 
FI4 absorption line, gain is obtained for the P'(3 1) emis- 
sion line. In the CW experiments [4] lasing was obtained 
in a cold multipass oscillator at 150 K. Output was limited 
to 2.2 mW for 3 W pumping power. Addition of H2 buffer 
gas did not increase the output. The measured CW power 
was much lower than expected on the basis of the Manley 
Rowe limit, so that improvements can be anticipated. In 
this paper a model is presented which gives theoretical 
predictions on the behavior and possible scaling up of the 
CW CF4 laser and enables one to optimize its perfor- 
mance in terms of efficiency or output power. Experimen- 
tal results of the operation of a CW CF, laser are pre- 
sented which are used to check the validity of the model. 
The experimental setup has already been described pre- 
viously [5]. The analysis of the optical pumping is based 
on a rate equations model for the rotational levels directly 
involved in the absorbing and emitting transitions. It is 
assumed that they are connected to baths of rotational lev- 
els by the rotational relaxation. From these baths other 
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slower relaxation processes such as VT relaxation and dif- 
fusion take place. A similar model was presented in [4] 
but there the only relaxation considered was rotational re- 
laxation. The basic elements of the current laser model 
are outlined in the next section. The dependence of the 16 
pm output on the parameters (pressure, temperature, and 
pump power) are presented in the section on results, which 
is followed by a section dedicated to the use of buffer 
gases to accelerate the slow relaxation of the v2 lower laser 
level, resulting in higher output levels of the CW laser. 
Conclusions on the laser performance are given in the last 
section. 

IT. THEORY 
A .  Rate Equations Model of the CW CF4 Laser 

The relevant energy level diagram for the CF4 laser is 
shown in Fig. 1. The absorbing and lasing transitions are 
characterized by the common level with rotational quan- 
tum number J = 30 of the v2 + v4 combination vibration 
band. In addition to the stimulated emission from the 
common upper level to the final level Raman processes 
occur between the J = 29 rotational level of the ground 
state and the final level in the v2 excited state with rota- 
tional quantum number J = 31 via the common upper 
level. The resulting line narrowing effects, predicted in 
[6] and [7], were verified experimentally, not only qual- 
itatively but also quantitatively in the CF4 system, as dis- 
cussed in a previous paper [5]. In this paper only the for- 
ward emitted radiation is considered which has the highest 
gain and can be correctly described by a rate equations 
model using the homogeneous linewidth as the emission 
linewidth. 

To model the CF, laser the concept of reservoirs or 
baths corresponding to each vibrational mode is used for 
molecules that are not directly involved in the absorption 
or emission process.The molecules, which have the ap- 
propriate rotational quantum number and Doppler shift to 
interact with the pump or emitted radiation, are connected 
to these baths by a relaxation rate I?,. The baths in turn 
are connected to one another by several different relaxa- 
tion processes. The v2 + v4 combination vibration relaxes 
very rapidly by collisions with ground state molecules. 
This results in either one molecule with a single v 2  vibra- 
tion and one with a single v4 vibration or a transition to 
the v i  vibrational state, since in CF4 the v i  vibration is 
quasi-resonant ( A E  = 150 cm-') with the v 2  + v4 vibra- 
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Fig. 1 .  Energy levels, transition and relaxation rates in the CW CF, 
laser. 

tion. For the latter process, however, not only two vibra- 
tional quanta have to be exchanged upon a collision with 
a molecule in the ground state but also the energy differ- 
ence AE has to be accommodated in the kinetic and ro- 
tational energies of the collision partners. Therefore the 
resonant transfer of just one quantum from v2 + v4 excited 
molecules will dominate (VV relaxation, rate r,,,,). Ex- 
cited molecules can also diffuse out of the pump beam 
(interaction) area and may be replaced by molecules from 
outside the beam (diffusional relaxation, rate F D ) .  The 
molecules outside the beam are in thermal equilibrium and 
predominantly in the ground state although a small frac- 
tion ff is in the v2 vibrational state. The model is then 
completed by introducing the absorption (rate w a b , ) ,  which 
was studied in [8], in order to calculate the small signal 
gain and the emission process (rate WCJ.  

This model only gives a good description on the short 
time scale (= 100-200 ps) after the pump laser is switched 
on. For an accurate description of CW output operation 
the inclusion of many more relaxation paths is necessary. 
The steady-state situation will be established on a milli- 
seconds time scale needed to build up the population of 
excited molecules across the diameter of the laser tube. 
On this time scale diffusion of excited molecules to the 
wall, velocity changing collisions and de-excitation due 
to vibrational-translational relaxation play an important 
role. As a consequence of the latter relaxation thermal 
heating of the gas can also be expected which will lead to 
heat transport as an additional relaxation channel. 

For simplicity only predictions of the initial peak out- 
put of the laser are given. First, because this will prove 
to be the upper limit for the amount of CW output and 
secondly because the number of parameters are limited, 
permitting a straightforward check of the model. Peak 
levels can easily be measured by introducing a chopper in 
the pump beam and chopping on a time scale so that both 
the peak output at the onset of radiation and the CW level 
can be determined. Additional information will be given 
by the decay time of the peak output down to the CW 
output level. 

For the initial peak output the rate equations are written 
as 

- -  - -rr(no -&NO) - Wabb(nO - n24) (la) dn0 
dt 

The population densities directly involved in the ab- 
sorbing and emitting transitions are described by n.  The 
capitals refer to the molecular densities of the correspond- 
ing baths. The subscripts are used to indicate the vibra- 
tional state. The total molecular density is N .  All relaxa- 
tion rates r and transition rates W ,  as well as the 
equilibrium fractions f a r e  defined in Table I. 

In the model the baths contain all molecules in rota- 
tional states different from the ones directly involved in 
the emitting or absorbing transition, as well as all mol- 
ecules with Doppler shifted frequencies that do not match 
pump or emission frequency. The velocity and rotational 
distributions in the excited vibrational states are treated as 
Maxwell and Boltzmann distributions respectively with 
superposed Bennet peaks [9] in the appropriate rotational 
levels. The ground state is described in the same manner, 
the only difference being the presence of a Bennet hole in 
the J = 29 rotational level of the ground state. 

An alternative approach is to consider only the mol- 
ecules with velocities such that their Doppler shifted fre- 
quencies match the pump frequency. Then only a small 
fraction of the total number of molecules is included and 
velocity changing collisions are neglected. Calculations 
using this approach gave similar results for the calculated 
small-signal gain. 

B. Model Parameters 
Before describing the model predictions the input pa- 

rameters of the model will be discussed. These are the 
equilibrium populations, the transition linewidths, the ab- 
sorption and emission cross sections, and the relaxation 
rates for rotational and vibrational states. 

It is assumed that the equilibrium fractions (popula- 
tions) for rotational and vibrational levels are described 
by the Boltzmann (distribution function) factor. The ho- 
mogeneous linewidth is taken from the values obtained in 
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TABLE 1 
PARAMETERS OF CF, MODEL 

Symbol Formula Description and Reference 

r, (* . AV/,) Relaxation rate from a homogeneous line 

0.895 + p(Pa) Homogeneous linewidth [8] 
MHz JT 

Vibration-vibration relaxation [ 101 

Diffusional relaxation rate 

Vibration-translation relaxation rate [ I  I ] ,  [ 121 

Boltzman and Maxwell fractions i = 0, 2, 24 in the 
rotational levels in the right velocity class [ 131 

Boltzmann fraction in v 2  state 

w,,,. ab, Emission, absorption transition rate 
($ )cn!.dh\ 

uwr.ah\ e,,,.,,, 0.64 Homogeneous emission, absorption cross section 7 A,,,,..,, - 
AV,, 

0.0185 s-’  

A,,,! 0.191 s - ’  

Einstein coefficient for spontaneous absorption [E] 

Einstein coefficient for spontaneous emission [ 141 

the absorption measurements discussed in [8]. It is also 
assumed that the pressure-broadened linewidth for the 
emitting transition at 16.3 pm is described by the same 
expression. The Doppler linewidths are accurately de- 
scribed by the theoretical, pressure independent expres- 
sion which was confirmed by the above mentioned ab- 
sorption measurements. The cross section for absorption 
of the pump radiation was also taken from [8], the cross 
section for stimulated emission of 16.3 pm was calculated 
using the dipole moment predicted by Fox and Person 
[ 151, which was experimentally verified by Patterson et 
al. [ 141. The corresponding transition rates W are given 
by W = aI /hv ,  with U, the cross section and I the inten- 
sity of the laser beam. 

The relaxation rates were derived from the linewidth 
measurement (relaxation rate r,), a theoretical analysis 
(VV relaxation), a theoretical calculation (diffusion), and 
from measurements of acoustic attenuation (VT relaxa- 
tion). The values for the VV relaxation and VT relaxation 
were taken from [ 1 11 and [ 121 and [ 101, respectively. The 
diffusion constant was calculated as outlined in [ 161. The 
homogeneous linewidth was already given as a function 
of pressure and temperature. It should be noted that this 
corresponds to the inelastic collision rate, because the 
contributions of dephasing collisions can be neglected for 
these IR transitions (cf. [ 171) and therefore only gives an 
estimate of the actual relaxation rate rr which is deter- 
mined by inelastic and velocity changing collisions. In the 
remainder of this paper this relaxation process will be re- 
ferred to as rotational relaxation although, as noted, it also 
includes possibly large contributions from velocity chang- 
ing collisions. The relaxation time for diffusion is given 
by the time for a molecule to diffuse out of a beam of 
waist wo. The diffusion time can be calculated solving the 
differential equation for diffusion (Fick’s law) with the 

molecular density as a function of position and time. With 
the appropriate boundary conditions, a set of decaying 
Bessel functions is found for a cylindrical geometry. Nu- 
merical simulations show that the corresponding time 
constant for a Gaussian distribution of molecules is in 
good approximation given by the expression rdlR = 
( U ~ / W ~ ) ~  D / p  with um the first zero of the zeroth order 
Bessel function. 

C.  Model Predictions 
To compare the model predictions with the experimen- 

tal results the temperature profile along the length of the 
cell had to be included. The temperature gradient was 
measured at 10 cm intervals along the cell’s length using 
Pt resistance thermometers. Gain for the laser was cal- 
culated by dividing the CF4 laser in segments of 5 cm (and 
one of 3 cm) each with its characteristic temperature T 
and pump beam diameter 2w. To calculate the diffusion 
time the beam size of the 16 pm beam was used. In this 
way modeling of the actual laser can be achieved with the 
pump beam making a double pass, with 20% reflection 
from the back mirror. 

Equation (1) was solved to obtain the steady-state num- 
ber densities involved in the lasing process in the case that 
the emitted power remains zero. In this way the small- 
signal gain G = uenr(n24 - n2) was obtained. In Fig. 2 the 
resulting gain is plotted for a 5.6  W pump beam and a 
temperature of 113 K (solid curve). To indicate the influ- 
ence of the different relaxation rates on the calculated gain 
results are also shown for rotational (dash-dotted), VV 
(dashed), and diffusional (dotted) relaxation rates which 
were increased (indicated by f-faster) or decreased (de- 
noted s-slower) by a factor two. Slowing down the dif- 
fusion rate leads to almost the same peak gain but de- 
creases the gain at the high pressure side; a faster diffusion 
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Fig. 2.  Predicted small signal gain for the CF, laser at 113 K (-) assum- 
ing a 5.6 W pump beam. The influence of diffusion ( .  . . .). rotational 
relaxation (- - -). and VV relaxation (- -) are shown. The curves in- 
dicated with S (slow) are obtained by decreasing the rates by a factor 2 ;  
the curves labeled F (fast) are for the rates increased by a factor 2. 
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gain these effects are more important than the beneficial 
effect of the decrease in the rotational and VV relaxation 
rates at higher temperatures. In the temperature range from 
100 to 140 K the calculated gain shows only a minor de- 
crease because the Boltzmann fraction ff is quite small, 
well below 2 % .  and the influence of rotational and VV 
relaxation becomes relatively more important. This is 
demonstrated in Fig. 3(b) where it is seen that the opti- 
mum pressure to obtain maximum output increases from 
100 K to a maximum at 140 K. At higher temperatures 
the optimum pressure shows a decrease. 

111. RESULTS 
Typical output of the CF4 laser, with a chopped pump 

beam, is shown in Fig. 4. In all experiments the CO2 pump 
power in the CF4 cavity was 5.6 W, except for the thresh- 
old pump power measurements where the pump power 
was attenuated. When the pump beam switches on it is 
followed immediately by the onset of 16 pm radiation with 
a peak value in the output, slowly decaying to the stable 
continuous wave level. To  obtain values for the peak- 
peak and the CW output usually 32 averages were taken, 
to minimize the influence of fluctuations (estimated at 
25%) and to snlooth out the 518 Hz modulation of the 
output which was due to the pump frequency dither. The 
modulation usually was less than 10-20% except when 

(a) operating the laser near threshold at low pressures. 

A .  Peak Output Power 

0 '  I 
100 200 300 

Temperature (K) 

(b) 
Fig. 3 .  Calculated small signal gain (a) and optimum pressure (b) as a 
function of temperature. Measurements for optimum pressure are a\so in- 
dicated ( 0 ) .  

has the opposite effect. Increasing the rotational and VV 
relaxation rates leads to a lower gain while decreasing the 
rates will yield a higher gain. At the low pressure side the 
rotational relaxation seems to be the most important re- 
laxation. At higher temperatures the peak gain is reduced, 
although the influence of the relaxation rates is qualita- 
tively the same. 

In Fig. 3(a) the predicted optimum gain as a function 
of temperature is plotted for a uniform temperature CF4 
laser. Increasing the temperature the gain is predicted to 
be a monotonously decreasing function. The Boltzmann 
fraction of molecules in the v2 level increases significantly 
when increasing the temperature, while the absorption is 
reduced with increasing temperature. For the optimum 

In Fig. 5 the experimental peak output power (+) is 
plotted as a function of pressure at 113 K (a), 126 K (b), 
and 142 K (c). This should be compared to the model 
predictions for the small-signal gain (Fig. 6) which were 
calculated without fitting any of the parameters. The cal- 
culated optimum pressure and the measured pressures for 
maximum peak output correspond well with one another. 
This can also be seen more directly from Fig. 3(b). 

1) Gain: For the temperature dependence of the output 
the peak output was found to decrease significantly when 
increasing the temperature from 113 to 142 K. No output 
was obtained for temperatures above 170 K. From the 
model predictions for the small-signal gain [Fig. 3(a)] a 
more gradual decrease was expected. However, if the ac- 
tual small-signal gain is lower than predicted or the res- 
onator losses higher than assumed, a stronger temperature 
dependence is indeed expected. In experiments with a 
99% reflective gold coated mirror mounted in the CF4 
cell's cold section, to reduce the absorption of room tem- 
perature CF4 gas, output could be obtained at tempera- 
tures up to 240 K. 

If the model is used to calculate the gain for a pump 
power of 5.6 W a small-signal gain at zero 16 pm output 
power of 22%/m is found at 10 Pa and 113 K. In the 
measurements a peak output of 8 mW was found. This 
value was used to derive the corresponding small-signal 
gain within the model in the following manner. Since the 
laser output only changes on time scales which are long 
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Fig. 4. Chopped output of  the CF, laser showing the initial output peak 

and the exponential decrease to a CW level. 
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Fig. 6. Model predictions for the small signal gain at 113 K (-), 126 K 
( .  . . .). and 142 K (--). 

compared to the resonator round-trip time, the model gain 
should be equal to the resonator losses. The CO, pump 
power was adjusted in the model until for the appropriate, 
experimental output coupling losses the calculated output 
power equaled 8 mW. In this way an "effective" pump 
power was obtained. Then setting the emission rate to zero 
in the model the corresponding small-signal gain was 
found. In this way a small-signal gain of 2 %  /m was cal- 
culated and an effective pump power which was a factor 
seven smaller than the actual pump power. 

The origins of the discrepancy between model and ex- 
periment can be threefold. First, the pump laser frequency 
dithers around its stabilization point. Second, velocity 
changing collisions may remove excited molecules out of 
the emitting velocity class. Finally self-absorption may 
occur in the laser. Tuning the length of the CF, laser will 
select the frequency at which emission is possible and thus 
the velocity class of the emitting molecules. If the pump 
frequency dither is large compared to the homogeneous 
absorption linewidth, part of the time the wrong velocity 
class will be pumped and molecules in the right velocity 
class will only become available through velocity chang- 
ing collisions. The gain of the laser will then be lower. 
Losses due to velocity changing collisions will also bring 
down the small signal gain of the laser. As can be seen in 
Fig. 2 when velocity changing collisions make the "ro- 
tational" relaxation rate faster by a factor 2 the predicted 
small signal gain reduces to 12% /m at 10 Pa. The influ- 
ence of velocity changing collisions is seen in our exper- 
iments at low pressures for the peak output. Despite the 
large dither compared to the homogeneous linewidth an 
immediate peak in the output is observed when the pump 
beam switches on. Since the influence of the dither on the 
output is small it is concluded that velocity changing col- 
lisions indeed play an important role in the dynamics of 
the laser. Since there is no indication that self-absorption 
plays a role in the CF4 laser at these low pressures, it will 
not be considered. It is only noted that for self-absorption 
the absorbing transition should be within the Doppler 
width (=  17 MHz) from the emission frequency of the 
laser. 

Fig. 5 .  Peak output (+), CW output ( A ) ,  and amplitude of the decay (.) 
as a function of pressure at I13 K (a). 126 K (h), and 142 K (c). 

2) cw pump Threshold Power: The pump threshold 
powers for peak output were found to be the same as those 
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for CW operation within experimental error. Comparing 
the measured values for the pump threshold power with 
the model predictions (not shown) experimental values are 
found to be a factor 4 to 5 larger. If velocity changing 
collisions were absent, the dither in the pump frequency, 
needed for the optoacoustic stabilization, would result in 
a reduced pumping efficiency of molecules in the emitting 
velocity class. The actual efficiency is then obtained by 
taking the time average of the absorption over the time- 
dependent pump frequency. With the experimental values 
(pump frequency dither : 0.5 MHz pk-pk; homogeneous 
absorption linewidth:0.3 MHz at 4 Pa, 126 K) the dis- 
crepancy between experiment and theory is reduced to a 
factor 2.9 & 0.5. It should be noted that besides the 518 
Hz dither residual slow frequency fluctuations will further 
reduce the difference. 

However, there is strong experimental evidence that 
velocity changing collisions are indeed very important. In 
the absence of velocity changing collisions an output in- 
tensity modulated at 2vdifher is expected as soon as the 
dither frequency amplitude is of the order of the homo- 
geneous absorption linewidth. On the contrary a stable 
CW output is observed even at the lowest pressures where 
the homogeneous linewidth is smaller than the dither fre- 
quency amplitude. Therefore it is concluded that the main 
cause of the discrepancy is not the pump frequency dither. 
In the absence of experimental data on collision processes 
leading to the velocity changes their effect on the thresh- 
old cannot further be analyzed. 

3) High Pressure Cutoff: The theoretical predictions for 
the high pressure cutoff for the small-signal gain (Fig. 6) 
show a decrease from 24 Pa at 113 K to 21 Pa at 142 K.  
The decrease is caused by the lower absorption and the 
increased thermal population which is only partially com- 
pensated by a faster diffusion and a slowdown of rota- 
tional and VV relaxation as a function of temperature. At 
the lowest temperature the high pressure cutoff for the 
small-signal gain is found to be p r  = 22 Pa. Increasing 
the temperature a decrease was measured of the high pres- 
sure cutoff to p c  = 18 Pa at 142 K. The experimental 
results for the high pressure cutoff are thus seen to be in 
good agreement with the predictions of the model. 

B. Continuous Wave Output 
1) CW Output Power: The continuous wave output of 

the CF4 laser at 3 different temperatures is shown in Fig. 
5 (indicated by A).  CW output is observed for pressures 
well below 12 Pa, while the output peaks (indicated by 
+) are observed up to 20 Pa. Optimum pressures for con- 
tinuous wave output are around 6 Pa. The decrease from 
the peak value to the CW level was found to be exponen- 
tial and the corresponding time constant had a value of 
approximately 1.5-2.0 ms with no clear pressure depen- 
dence. The temperature range for CW operation was found 
to be 100-170 K, output levels increasing when lowering 
the temperature. Maximum output was found at the low- 
est temperature (limited by the condensation of the CF4 
gas) with a CW level of 5 mW. 

2) CW Pump Power and Slope Eficiency: The pump 
power dependence was already studied in a previous pa- 
per [7] to obtain the pump threshold powers. Only the 
results for the copropagating (high gain) wave are used. 
The theoretical output power can be written in terms of 
the threshold pump power [ 181 

Such a linear dependence of the emitted power was indeed 
found for pressures of 4 .0  and 6.7 Pa at different temper- 
atures (as an example results at 4 Pa, 126 K are shown in 
Fig. 7). The pump threshold powers are given in Table 
11. Using t = 0.04 and A = a w i  with wo = 2.7 mm the 
corresponding saturation intensities for CW output are 
calculated, which are also shown in Table 11. With the 
relation Zsat = hv/ue,,,r, the relaxation times 7 were also 
determined, showing that relaxation is slower at 113 K 
than at higher temperatures. At 113 K the relaxation time 
increases slightly as a function of pressure, while at 
142 K a minor decrease was found. This indicates that 
relaxation processes other than diffusion already play an 
important role at these pressures. Maximum slope effi- 
ciency aP/aP,, , ,  = 1 mW/W is found at 6.7 Pa, 126 
K. 

3) Pump Polarization Effects: Since measuring the 
threshold pump power gives the (relative) gain of the laser 
this method was also used to check on the effect of the 
h / 4  plate, which is AR coated for the 9.3 pm pump. Its 
removal only affects the polarization of the pump beam 
and threshold pump powers could directly be compared. 
Although the pump laser frequency becomes unstable 
when removing the h / 4  plate it is still possible to observe 
whether (unstable) CW output can be obtained. Compar- 
ing results with and without h / 4  plate at 4 Pa, 126 K we 
found a ratio R = 1.6 f 0.2 for the gain ratio. This agrees 
within error with the theoretical factor R = 1.5 as pre- 
dicted by Petuchowski and DeTemple [ 191 for the small- 
signal gain increase for circularly polarized light com- 
pared to linearly polarized light. Petuchowski and De- 
Temple only analyzed the stimulated emission process. It 
should be noted that in this system Raman type transitions 
also play an important role. However, the Raman cross 
section is also increased by a factor 1.5 when using cir- 
cularly polarized light instead of linearly polarized light. 

4) Transverse Modes: The radial intensity distribution 
of the generated 16 pm beam was measured by translating 
the 1 x 1 mm2 HgCdTe detector through the cross section 
of the beam (Fig. 8). Fitting three sets of data with a 
Gaussian function a beam radius w = 5.0 f 0.4 mm was 
found. Theoretical calculations using the resonator ge- 
ometry predicted a beam radius w = 5.4 mm at the detec- 
tor position. The models assumption that pumping with 
the TEMoo mode of the CO2 laser results in a 16 pm 
TEMoo mode is thus valid [20]. It should be noted that in 
theory a combination of transverse modes of the 16 pm 
radiation can also give a profile which is very similar to 
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Fig. 7. Output power of the CF, laser as  a function o f  pump power at 4.0  
Pa at 126 K .  Indicated are the output powers for both forward (+) and 
backward ( 0 )  emitted radiation. 

TABLE 11 
THRESHOLD PUMP POWER P,,,. THE SATURATION INTENSITY I ,  A N D  T H E  

RELAXATION TIME T FOR FORWARD EMITTED RADIATION 

CF, gas pressure 4.0 Pa 

I42 1.12 0.13 0.12 * 0.02 2.4 f 0.4 
I26 1.08 * 0.11 0.19 f 0.03 1.6 f 0.3 

2.0 f 0.2 I13 0.86 f 0.08 0.16 * 0.02 

CF4 gas pressure 6.7 Pa 

142 1.83 f 0.09 0.29 f 0.03 1.6 * 0.2 
1.4 f 0.2 I26 

I13 1.00 f 0.09 0.20 0.03 2.7 * 0.4 
I .62 f 0. I6 0.35 f 0.06 

w = 5.3" 

-10 -5 0 5 10 

Position (mm) 

Fig. 8. Radial intensity distribution of the generated 16 pm beam 1.2 m 
from the coupling mirror. 

a TEMoo mode [21]. However, considering the larger di- 
vergence of higher order modes the latter possibility is not 
plausible. 

5) Relaxation Processes: Looking at the 16 pm output 
in Fig. 5 one sees that at the low pressure side the peak 
and CW levels are almost the same. At the high pressure 
side an exponential decay is seen of the peak output to a 
CW level (e.g., Fig. 4). Qualitatively this kind of behav- 
ior is typical for a relaxation process limited by diffusion 
or VT relaxation. Although the time scale of the decrease 
(approximately 1.5-2.0 ms) is suggestive of diffusion the 
time constant did not increase linearly with the pressure 
as one would expect for a simple diffusion limited relax- 
ation process. In the temperature and pressure range un- 
der study the VT relaxation is expected to be slightly 
slower than diffusional relaxation and may also contrib- 
ute. 

Since pressure increases, indicating VT relaxation, were 
observed on the high precision barocell manometer these 
pressure changes were measured (under chopped condi- 
tions identical to the output measurements) as a function 
of temperature and pressure. Pressure changes can only 
be caused by a temperature increase of the absorbing gas. 
If all molecules de-excite at the wall, no pressure change 
will be observed because of the effective cooling of the 
cell wall. Vibrational relaxation on the other hand will 
generate heat and cause a temperature increase. The 
amount of power deposited in the absorbing gas will de- 
pend on the fraction of molecules undergoing vibrational 
relaxation which is set by the VT relaxation time 7 v T  and 
the diffusion time to the wall 7ditf,,,,. At low pressures the 
absorption will be a linear function of the pressure p and 
is given by a p .  If the incident pump power is written as 
Po the following expression is found for the amount of 
power turned into heat 

where the expression in brackets is the fraction of mole- 
cules that will contribute to the heat effect through VTde- 
excitation. Assuming a radial dependence of the temper- 
ature change and using the ideal gas law one finds for the 
pressure change in the limiting cases Tditf,&. << 7 V T  (ho- 
mogeneous power deposition in the cell) and rVT << ' T ~ ~ ~ ,  ,I. 

(vibrational heating as a heat source in the pump inter- 
action region) 

7difl, 11' 

. P .  (4) - Ap oc 
P 7diff.br. + ~ V T  

If diffusion is much slower than VT relaxation (higher 
pressures) a linear dependence of the relative pressure 
change A p / p  is expected as a function of pressure but a 
cubic dependence is expected if VT relaxation is much 
slower (low pressure side). 

The pressure change in the CF4 cell as a function of 
pressure is shown in Fig. 9 for three different tempera- 
tures. At pressures around 30 Pa where diffusion was ex- 
pected to be slower than VT relaxation a linear depen- 
dence was indeed found of the relative pressure change 
on the pressure. At pressures of more than 60 Pa (not 
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Fig. 9 .  Relative pressure increase A p / p  as a function of  pressure at 113 
K ( 0 ) .  126 K (A) ,  and 142 K (+). 

shown) a saturating behavior was found as to be expected 
because of decreasing pump power deposition in the gas 
due to large absorption and substantial thermal heating. 
Below 20 Pa it is seen that VT relaxation still plays an 
important role. Although the measurements were taken in 
the absence of the 16 pm radiation field it must be noted 
that switching on the CF, laser resulted in a minute pres- 
sure increase 6 ( A p / p )  = 0.1 % on top of the measured 
values. The conclusion drawn from Fig. 9 is that VT re- 
laxation is the main relaxation path from the lower laser 
level in the pressure range of 10-20 Pa as shown by the 
linear behavior of (Ap  / p ) .  

Summarizing it is concluded that slowdown of diffusion 
is causing a buildup of population in the lower vibrational 
level of the CF4 laser. At the pressures where the time 
constant for the exponential decay from the peak output 
to the CW level could be measured, VT relaxation plays 
an important role. The resulting heat deposition causes a 
temperature rise in the gas and will open a new relaxation 
path: heat conduction to the cell wall. Also at higher tem- 
peratures relaxation times are shorter. The fact that no 
obvious pressure and temperature dependence could be 
found for the exponential decay is probably due to the 
dependence on several different relaxation processes. 
Even if (at the highest pressures) the VT relaxation pro- 
cess is the dominant de-excitation process other related 
relaxation processes such as heat transfer or relaxation 
processes like velocity changing collisions may also play 
a role. These processes will further complicate the pres- 
sure dependence of the decay time. 

C. Buffer Gas Addition 
The use of buffer gases to improve the output of a gas 

laser is quite common. Buffer gases are often chosen be- 
cause of their thermal or electrical properties, to improve 
the excitation efficiency or to accelerate the de-excitation 
rate from the final laser level. In optically pumped lasers 
an improvement of the excitation efficiency can usually 
not be made when the pump source is a laser because in 
general the selectivity of the excitation mechanism will 
be reduced. Consequently buffer gases are usually em- 
ployed in optically pumped gas lasers to accelerate relax- 

ation rates or to improve the thermal conductivity or heat 
capacity of the active medium. 

1 )  Pulsed CF4 Laser: For a pulsed CF4 laser buffer gas 
addition can work in two possible ways to improve laser 
output: 

a) The buffer gas molecule only affects the rotational 
relaxation, selectively slowing down the relaxation in the 
v 2  + v4 vibrational level and increasing the relaxation rate 
of the final laser level with the v2 vibration. 

b) The 16 pm emission is very strong and not af- 
fected by a faster rotational relaxation of the upper J = 
30 v2 + v4 level but strongly enhanced by a faster rota- 
tional relaxation of the laser final J = 31 rotational level 
in the v2 state. 
The first possibility is academic. Buffer gases do not dis- 
play such selective behavior. The second possibility can 
only be found in molecules that accelerate relaxation in 
the lasing medium. The disadvantages of adding a buffer 
gas are the lower absorption of the mixture compared with 
pure gas at the same total pressure and the broadening 
effects on the emitting transitions, both causing a lower 
gain. In view of the previous remarks it is not surprising 
that attempts to improve the output of the CF4 pulse laser 
behavior by adding H2 [22], He [23], [24], and CO [241 
did not succeed. 

2) CW CF4 Laser: For optically pumped CW lasers the 
output is often limited because of an accumulating popu- 
lation in the final laser level due to slow diffusional and 
VTrelaxation. The difference with pulsed lasers is that for 
CW lasers the relevant relaxation processes take place on 
milliseconds time scales. On these time scales the transfer 
of vibrational excitation energy to the buffer gas molecule 
is possible. The energy can then either be lost by internal 
conversion and subsequent heat conduction to the wall or 
be transferred to the cell wall by diffusion. If thermal con- 
ductivity of the lasing gas is poor the addition of a buffer 
gas with a much higher conductivity might be beneficial. 
If either one of these processes is efficient a beneficial 
effect of the buffer gas can be expected provided that the 
excitation or heat transfer of the active molecules to the 
buffer gas molecules is fast. It must be noted, however, 
that in the case of CF4 the v 2  vibration is not only present 
in the lower laser level but also in the combination vibra- 
tion of the upper level. The problem of slow diffusional 
relaxation may be overcome by the choice of suitable 
buffer gases, an approach which has been successful for 
some optically pumped far-infrared lasers [25], [26]. 

Because the CF4 laser has to be operated at low tem- 
peratures the following requirements have to be met by a 
candidate buffer gas: 

a) Resonant energy transfer with the v 2  single vibra- 
tion. 

b) Negligible absorption of pump radiation at 9.3 pm. 
c) Negligible absorption at emission wavelength 16.3 

d) Minimal collisional broadening. 
e) Wide temperature range. 
f )  Better heat conduction and faster diffusion. 

Clm. 
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In HD the J = 1 + 3 rotational transition at 447 cm-' 
is almost resonant with the v 2  vibration in CF4. It also 
possesses the other necessary properties and seems to be 
a suitable candidate. Results of addition of HD to CF4 are 
shown in Fig. 10. The results for pure CF4 are shown and 
the effects of adding HD for certain starting pressures of 
pure CF,. Effects of HD were strongest at low tempera- 
tures and most pronounced at the high pressure side where 
diffusion is slow. The lasing range for CW operation was 
significantly extended from 11 to 17 Pa and the maximal 
output was increased by 25 %. A mixture containing 10% 
HD was found to be optimum. 

The time constant of the exponential decay is reduced 
to 50% of its original value when 10% HD is added to 
pure CF, gas for pressures around 8 Pa. Adding more HD 
it is found that for a 1 : 1 mixture there is no visible decay; 
the peak output is the same as the CW output power. In 
an effort to understand the mechanism leading to an im- 
provement of CW output buffer gas addition the thermal 
conductivity of the pure gases and the mixtures containing 
10 and 50% HD was calculated, all at a temperature of 
150 K using the methods outlined in [16]. Also the dif- 
fusion constant, the heat capacity at constant pressure and 
values for the viscosity were calculated, as listed in Table 
111. The thermal conductivity of HD is much higher and 
diffusion is much faster than in CF4. 

Considering the properties of HD as listed in Table I11 
there are three possible mechanisms for the improved CW 
output. First, because of the larger thermal conductivity 
of HD the temperature changes caused by VT relaxation 
of CF4 are reduced thereby improving the output power. 
Second, the HD molecules, resonant with the CF4 mole- 
cules in the excited v2 state, take over the excitation and 
transport the excitation to the wall due to the much faster 
diffusion. Third, the excitation transfer to the HD mole- 
cules is followed by relaxation of the rotational to the 
translational degree of freedom (RT relaxation). The heat 
generated is subsequently conducted to the cell wall aided 
by the larger thermal conductivity of the mixture. We 
think that the 30% larger thermal conductivity for the 
mixture containing 10% HD doesn't accelerate the ex- 
ponential decay by 50%. Furthermore in a mixture with 
50% HD the thermal conductivity is a factor 3 .3  larger 
but the exponential decay has disappeared. This means 
that the HD molecules are actively involved in an exci- 
tation-transfer process. Since by the addition of HD the 
amplitude of the exponential decay is strongly reduced 
compared with pure CF4 while the CW level is higher, we 
think that the beneficial effect of HD addition is mainly 
due to excitation transfer followed by diffusional relaxa- 
tion. The low optimum HD concentration also suggests a 
diffusion limited process carrying away the energy to the 
cell walls. It should be noted that beneficial effects on the 
output of excitation transfer followed by RT relaxation 
would at least partly be compensated by increased tem- 
perature effects which reduce the output power. For con- 
clusive evidence, however, it is necessary to perform ex- 
periments with H2 and/or He as a buffer gas. 
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Fig. 10. CW output power as a function of the total gas pressure at 113 K 
(a) and 126 K (b). In each figure the curve describing the output using pure 
CF, is shown (+). Other curves describe the effect of HD addition for 
different CF, partial pressures: (a) T = 113 K ,  per;, = 5 Pa ( A ) ,  6.3 Pa 
( 0 ) .  and 8 Pa (0); (b) T = 126 K. pCF, = 6.2 Pa (A). 7.2 Pa ( A ) ,  7.6 Pa 
(+), and 9 Pa (0) of pure CF,. 

TABLE I11 
PROPERTIES O F  CF,-HD MIXTURES AT 150 K. V A L U E S  GIVEN FOR T H E  

THERMAL CONDUCTIVITY h, T H E  DIFFUSION C O N S T A N T  D ,  T H E  SPECIFIC 

FOLLOWING [16]. V A L U E S  IN PARENTHESES ARE TAKEN FROM I271 
HEAT AT C O N S T A N T  PRESSURE c,, A N D  T H E  VISCOSITY ARE C A L C U L A T E D  

h,,k DCdC c,3 9 
CF, :HD mW/m/K cm'/s J/mol/K p P d .  s 

1 :o  5.8  0.016 40. I 8.7 
9 :  I 7.5 0.  I87 
1 : I  19.3 0.187 
0 :  1 77(90) 0.403 18.2 (7.7) 

V. CONCLUSION 
Using a simple model it is demonstrated that the small 

signal gain in the CF4 laser is fundamentally limited by 
rotational relaxation and vibration-vibration relaxation. 
The highest small-signal gain is found at the lowest tem- 
peratures where absorption is maximum and the final level 
of the laser is not thermally populated. The model predic- 
tions were confirmed by our measurements of the output 
peaks after the pump is switched on using a chopper. The 
measured output corresponds to a significantly lower gain 
than predicted by the model. This is attributed to pump 
frequency dither and relaxation processes like velocity 
changing collisions which were not taken into account. 
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Maximum peak output was found at pressures for which 
maximal small-signal gain was predicted. Maximum peak 
output of the laser was 8 mW at a temperature of 113 K 
and a pressure of 9 Pa. 

For CW operation of the CF4 laser a maximum output 
of approximately 5 mW was found at a pressure of 6 Pa 
at 113 K. The saturation intensity for emission was de- 
termined from the pump power dependence of the 16 pm 
output resulting in Zsat = 0.3 W/cm’ at the pressure at 
which output was maximal. Relaxation times derived from 
the saturation intensity reflect not only the influence of the 
slowdown of diffusion and increasing VT relaxation but 
probably also of other relaxation processes. The VT re- 
laxation speeds up at higher pressures which was dem- 
onstrated by pressure changes indicating thermal heating 
of the gas. This leads to a substantial buildup of popula- 
tion in the lower vibrational levels, resulting in a dimin- 
ished population inversion. Addition of small amounts of 
HD, which has a rotational transition almost resonant with 
the u2 vibration of CF,, leads to an increase in continuous 
wave output of more than 25 % . At the same time the las- 

pressure range was extended. 
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