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Abstract. Experimental measurements of small-signal gain in an optically-pumped N H  3 

amplifier are carried out at pressures ranging from 40 Torr to 760 Torr, and the results are 
used to validate a rate-equation model describing the amplifier dynamics. The gain 
measurements show that dilute mixtures of < 0.5 % NH3 in N2 are required to minimize the 
problems of gas heating due to pump absorption. The model is used to extrapolate the 
results to gas pressures of several atmospheres, and to demonstrate the potential for high- 
pressure operation of optically-pumped NH 3 lasers. For a pump intensity of 100 MW/cm z, 
calculations indicate that operation of an N H 3 - N 2  laser is feasible up to a pressure of 
10 atm, which would provide a maximum continuous tuning range of 4 cm -1. High- 
resolution spectroscopy reveals that gain on a few NH3 transitions is eliminated at high 
pressures due to the presence of overlapping absorptions in other NH3 bands. 

PACS: 42.55.Hq, 33.80Be, 42.60.By 

For many mid-infrared applications it is desirable to 
have a high-power laser source which can be tuned 
continuously in frequency and can produce pulses of 
sub-nanosecond duration. The general requirement 
for developing these characteristics is a broad gain 
bandwidth, which is often accomplished in gas lasers 
by operating at high pressure. Pulsed line-tunable 
NH 3 lasers that employ dilute mixtures of NH3 in a 
buffer gas at pressures up to 100 Torr are highly 
efficient sources of radiation for more than 30 tran- 
sitions in the 11-13 gm region [1, 2]. More recent 
studies have discussed an NH 3 - N  2 laser which can 
operate at pressures up to 3.2 arm [-3] 
(1 atm = 760 Torr= 101.3 kPa), and has been tuned 
continuously over a range of ,-~ 0.25 cm- 1 (7.5 GHz) at 
a pressure of 1.1 atm [4]. Another report examines the 
use of high-pressure NH3 - H e  mixtures to amplify the 
emission of a tunable diode laser over a continuous 
range of 20 GHz [5]. In this paper, we use a rate- 
equation model to calculate the effects of pressures up 
to ~13 atm on the small-signal gain in optically- 
pumped, line-tunable NH 3 lasers. The model is val- 
idated by comparison with experimental measure- 
ments over a pressure range of 0.05 to 1 atm. 

Increasing the pressure in any gas laser can increase the 
tuning range in two ways. First, the linewidth of each 
transition broadens, and second, the broadened profiles 
of adjacent lines can overlap. Unlike the even distri- 
bution of CO/laser  lines, NH 3 laser transitions are 
spaced rather irregularly. Furthermore, there is a large 
variation in the maximum gain coefficient even for 
adjacent NH 3 lines chiefly due to the difference in 
statistical weight between ortho-NH3 (K=3n) and 
para-NH3 (K=3n_+l). To evaluate the possible 
overlaps of NH a lines, let us consider a dilute mixture 
ofNH 3 in N 2 at a pressure of 10 atm, which would give 
a pressure-broadened linewidth of ~25 GHz half- 
width at half maximum (HWHM) on the individual 
transitions. This width is sufficient to merge all the 
transitions within each sP(J, K) multiplet from J---3 
to 8. However, the spacings between aP(J, K) tran- 
sitions are much larger: ~25GHz, ~40GHz, and 

58 GHz between K = 1 and 2, K = 2 and 3, and K = 3 
and 4, respectively [6]. Thus, at a pressure of 10 atm, 
continuous tuning would likely be possible only up to 
K =  3 within each aP(J, K) multiplet, which would 
provide a maximum tuning range of ~ 120 GHz. The 
separation between successive values of J is generally 
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greater than 100 GHz, and is much too large to allow 
continuous tuning between multiplets at 10 atm. 
As mentioned above, the possibility of generating short 
pulses is another reason for having a broad gain 
bandwidth. An estimate of the minimum pulse du- 
ration A t that can be supported by a gain bandwidth A v 
(full-width) is given approximately by AvAt~ 1. Thus, 
from the example above, a tuning range of 120 GHz is a 
sufficient bandwidth to support pulses of ,-~ 8 ps du- 
ration. Techniques for creating short pulses are well 
developed. Passive mode-locking of a n  N H  3 laser has 
produced pulses as short as 7 ns in pressures less than 
100Torr [7]. Synchronous pumping with a mode, 
locked source has generated pulses ~ 1 ns in duration 
[8, 9]. Applications of these techniques to NH 3 lasers 
operating at pressures of a few atmospheres should 
yield frequency-tunable pulses in the picosecond 
range. 
In this paper, experimental and theoretical results are 
presented to determine the factors which limit high- 
pressure operation. Experimental measurements of 
small-signal gain are obtained by pumping NH 3 - N 2  
mixtures at pressures up to 760 Torr with the 9R(30) 
COz line. Theoretical calculations with a rate- 
equation model extend the investigations of small- 
signal gain to higher pressures, up to 104Torr 
(-,~ 13 atm). The experimental technique and the theory 
for the rate-equation model are summarized in Sect. 1 
and 2, respectively. The results presented in Sect. 3.1 
show that the concentration of N H  3 strongly affects 
the maximum pressure attainable. As the pressure is 
increased, gas heating due to pump absorption reduces 
the gain coefficients. Section 3.2 examines the problem 
of absorption lines in the 2v2-v2 hot bands, which 
overlap the v2 laser transitions as the pressure is 
increased. The absorption on the 2v2 transitions is 
enhanced by optical pumping of the v2 band, and thus 
can strongly interfere with the gain on adjacent v2 
transitions. 

1. Experimental Technique 

The apparatus and techniques employed to measure 
small-signal gain coefficients in NH3 have been de- 

scribed in detail elsewhere [10,11]. Only a brief 
description is provided here. A single-mode hybrid 
CO2 laser tuned to 9R(30) is used to pump a grating- 
tunable NH3 oscillator, as shown in Fig. 1. The 9R(30) 
line pumps the sR(5, K) multiplet of NH 3 with pump 
offset frequencies ranging from 190 MHz for sR(5, O) 
[12] to a maximum value of 1.6GHz [13]. Laser 
emission is obtained from most of the P-branch 
transitions and from several lines in the Q and 
R-branches. The output of the NH 3 laser is combined 
with part of the CO2 pump beam to probe a separate 
amplifier cell. To facilitate tuning the NH 3 emission 
wavelength, the NH3 laser is pumped through a 
dichroic mirror M~. A second dichroic mirror M2 
transmits the 9R(30) pump pulse and directs the NH 3 
laser output to the amplifier cell. Gain measurements 
are performed in the amplifier cell at the line center of 
the NH 3 transitions by fine tuning the length of the 
NH3 oscillator with a piezoelectric translator (PZT). 
The 9R (30) pump pulse consists of an initial spike of 
~250 ns full-width at half-maximum (FWHM), fol- 
lowed by a tail which lasts several microseconds. Gain 
measurements are taken during the period 0.3 to 1.2 gs 
after the peak of the pump pulse, as the pump intensity 
in that period is almost constant at about one-quarter 
of the peak intensity. 

2. Theory 

The rate-equation model that is employed for the 
calculations presented in this paper has been described 
previously [10], and is briefly outlined here. The 
model, which is used to evaluate the population 
dynamics in optically-pumped NH3, is based on two 
main assumptions. First, it assumes that the rotational 
populations are always thermalized, except for the two 
levels of the pumped transition. The second assump- 
tion is that the two different species of NH 3, 
ortho-NH 3 or para-NH 3 are not coupled. These 
assumptions are justified by the very fast rotational 
relaxation rate relative to the vibration-translation 
( V - T )  relaxation rate in N H  3 - N  2 mixtures, and the 
lack of collisional interconversion between ortho-NH3 
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Fig. 1. Schematic diagram of  the experimental 
appara tus  for oscillator-amplifier gain 
measurements  in N H  3 
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and  para-NH3 [10, 14]. Thus, the gain spectrum is 
completely determined by the vibrational population 
distribution of the pumped species. In the model the 
total population is assumed to lie in the ground, first 
and second excited states of the v 2 vibrational mode. 
The pump and emission transitions of interest in this 
paper all occur between the •2 = 0 and v2 = 1 levels. A 
numerical solution of the rate-equation model is used 
to evaluate the vibrational populations as a function of 
time for a specific set of pumping conditions. The 
majority of the molecular constants and relaxation 
rates used in the rate-equation model are derived from 
the best values reported in [10]. However, two relax- 
ation rates are treated as variable parameters, as no 
consistent values have been reported. These variable 
rates are the rotational relaxation rate of the pumped 
levels, and the vibration-vibration ( V - V )  relaxation 
rate. The V - V  relaxation mechanism allows popul- 
ation to be transferred from the v2 = 1 to v2 = 2 level in 
N H  3. The values employed in the present calculations 
for these two variable rate constants are taken from 
[11]. A separate program takes the vibrational popul- 
ations at a given time, together with the N H  3 partial 
pressure, the total pressure broadening due to a buffer 
gas, and the rotational temperature, to calculate the 
gain on the N H  3 transitions of interest. This gain 
calculation accounts for the splitting of all the vibra- 
tional states into symmetric (s) and anti-symmetric (a) 
levels due to the inversion doubling of the N H  3 
molecule. Detailed predictions of the rate-equation 
model have been validated for gas pressures up to 
,-, 100 Torr  over a wide range of pump intensities and 
gas mixtures by the results obtained from previous 
experiments [10, 11]. 

3. Results  and Discuss ion 

3.1. Small-Signal Gain as a Function of Pressure 

The pressure of a gas mixture does not directly affect 
the small-signal gain at line center on a transition, as 
long as the transition lineshape is pressure-broadened. 
For  N H a - N  2 mixtures, the N H  3 transitions are 
pressure-broadened at pressures greater than 50 Torr. 
The gas pressure does affect the small-signal gain 
indirectly through the relaxation rates and their mag- 
nitudes relative to the pumping rate. The rotational 
relaxation rate 1/z (= 2~zAv, where A v is the pressure- 
broadened linewidth HWHM)  determines the pump 
saturation intensity I~ = hvp/2~z, where vp is the pump 
frequency, and o- is the absorption cross-section. In 
another set of experiments [11], we found that gain 
was independent of pump intensity for intensities 
greater than I~. Thus, for a given N H  a concentration, 
the small-signal gain is independent of pressure, pro- 
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Fig. 2. Comparison between theory and experiment for small- 
signal gain coefficients ofaP(4,0) as a function of pressure in a 
mixture of 4% NH3 in N 2. The experimental points were 
measured for a pump intensity of ~ 1 MW/cm 2, 0.6 gs after the 
peak of the pump pulse. The solid curve is calculated with the gas 
temperature allowed to rise due to the energy absorbed from the 
pump. The dotted curve is calculated assuming that the gas 
temperature remains constant at 300K. Both curves are 
calculated for the pump-pulse shape used in the experiment. The 
dashed curve is a variable-temperature calculation for a peak 
pump intensity of 100 MW/cm 2 in a Gaussian-shaped pulse of 
duration 100 ns FWHM 

vided the pump intensity exceeds I~. As the pump 
saturation intensity scales with the square of the 
pressure, the maximum useful gas pressure is deter- 
mined by the available pump intensity. A practical 
upper limit to the pump intensity is defined by the 
optical breakdown threshold of the gases and 
materials used in an N H  a laser. In N H  3 - N 2  mixtures 
that limit is ~ 1 GW/cm 2 [3], and a similar value holds 
for crystals of NaC1 [15], a common window material. 
Several manufacturers of high-power reflective optics 
quote optical damage thresholds of between 0.1 and 
1 GW/cm z. For  this study, we will take 100 MW/cm 2 
as a conservative upper limit for the pump 
intensity. 
We carried out measurements of small-signal gain 
coefficients as a function of pressure to test our model 
of the gain dynamics. The CO2 pump beam was tightly 
focused into an 11-cm long amplifier cell to produce 
pump intensities of ~ 1 MW/cm 2 during the measure- 
ment period. The aP(4, 0) transition was chosen for the 
gain measurements as it generally has the highest gain 
coefficients. At pressures less than 100 Torr  we find 
that a concentration of 4% N H  a in N2 is the optimum 
mixture for small-signal gain [11]. Thus, a 4% NH3 
mixture was employed for the initial measurements of 
gain as a function of pressure, and the results are shown 
in Fig. 2. The gain coefficients are greater than 15% 
cm-  1 for pressures up to 80 Torr, but fall rapidly with 
increasing pressure to ~ 4 %  cm-1 at 250 Torr. 
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Fig. 3. Comparison between theory and experiment for small- 
signal gain coefficients of aP(4,0) as a function of pressure in a 
mixture of 0.5% NH3 in Nz. See caption of Fig. 2 for full details 

Previous experiments show that the gain is reduced in 
high concentration mixtures by increases in the gas 
temperature due to pump absorption [11]. Accord- 
ingly, the solid curve in Fig. 2 is the pressure de- 
pendence of the gain calculated with the ambient gas 
temperature allowed to increase during the pump 
pulse [16]. The dotted curve shows the predicted gain 
coefficients for a constant gas temperature of 300 K. 
Clearly, the solid curve is in much better agreement 
with the experimental measurements. At 300 Torr the 
variable-temperature calculation predicts a tempera- 
ture rise of ,-~ 180 K at the time of the gain measure- 
ment. The main point illustrated by Fig. 2 is that for a 
pump intensity of ~ 1 MW/cm 2 in a 4% NH3 mixture, 
the maximum useful pressure is ~ 300 Torr. To obtain 
useful gain coefficients in higher pressures of this 
mixture will require much higher pumping intensities. 
A shorter pump pulse of 100 ns duration, rather than 
the 1 Ixs pulse used for the experimental measurements, 
will also help to limit the rise in temperature. The 
dashed curve in Fig. 2 is a calculation of gain coeffi- 
cients for a Gaussian-shaped pulse of 100 ns FWHM 
and peak intensity of 100 MW/cm 1. In the absence of 
temperature increases, the factor of 100 increase in 
pump intensity provides a factor of 10 increase in the 
maximum useful pressure. The calculation for the 
dashed curve includes temperature changes. Gain 
coefficients >5% cm-1 are predicted up to 
5,000 Torr, but only at the expense of very high gas 
temperatures. At 5,000 Torr the calculated tempera- 
ture at the peak of the pump pulse is 570 K, a rise of 
270K. In addition to the reduction in the gain 
coefficients, a major problem with such a large and 
rapid temperature increase is distortion of the optical 
beam if the entire gas is not heated uniformly. 
Consequently, we examined mixtures of lower NH 3 
concentration where there is less pump absorption and 

consequently less heating. Figure 3 shows the experi- 
mental and predicted results for a mixture of 0.5% 
NH3 in N2. In this case there is very little difference 
between the constant-temperature and variable- 
temperature calculations for the pump intensity of 
~ 1 MW/cm z. Both calculations predict gain coeffi- 
cients in good agreement with the experimental mea- 
surements. Although the gain coefficients are generally 
lower than for the 4% NH 3 mixture, it is possible to 
maintain significant gains up to much higher pressures. 
The predicted temperature rise is less than 30 K for all 
pressures and the gain coefficient remains above 3% 
cm- ~ out to 1,000 Torr. Higher pump intensities are 

required to achieve similar gain coefficients at higher 
pressures. The dashed curve is a variable-temperature 
calculation with the Gaussian-shaped 100-ns pulse 
and a peak intensity of 100 MW/cm z. At 104 Torr the 
calculated temperature rise at the peak of the pulse is 
less than 30 K. This temperature rise is insignificant, 
while the gain coefficient is higher than that predicted 
at 104 Torr from a 4% NH 3 mixture. There should be 
no need to use mixtures of less than 0.5% NH3 in 
practical lasers, unless the rise in temperature must be 
limited still further. The magnitude of the gain coeffi- 
cients shown in Fig. 3 indicate that a 10-atm NH 3 laser 
is feasible. From the calculations in the introduction to 
this paper, we can predict the fractional tuning range 
covered by such a laser operating on the P-branch 
transitions. We estimate that emission from a tunable 
10-atm NH 3 laser will cover ~ 36% of the wavelength 
range from 10.5 to 13.8 gm. 
Synchronous-pumping with a train of short mode- 
locked pulses is another technique which may be 
successful in achieving laser operation at pressures 
greater than 1 atm. As the V - T  relaxation rate is very 
fast at such high pressures it is necessary to have 
sufficient pump intensity in each pulse to produce gain; 
there can be no buildup of gain by a succession of 
pulses. Very high gain coefficients would be necessary 
to achieve a rapid buildup of an NH3 laser pulse and 
minimize the number of pump pulses required. Calcu- 
lations for a 4% mixture at 5,000 Torr and a Gaussian- 
shaped pump pulse of 1 ns FWHM in duration 
indicate that a peak intensity of 100MW/cm z is 
insufficient to create gain. For a peak intensity of 
1 GW/cm 2 the model predicts a peak gain coefficient of 
22% cm-1 with gain lasting for more than 2 ns. The 
model also predicts a temperature rise of ,~ 12 K. The 
temperature rise is still a problem as the heat could not 
be extracted during a train of mode-locked pump 
pulses, typically 10-20 in number. 
All of the previous discussion has concerned pumping 
NH 3 with the 9R(30) line of COz. The 9R(16) line is 
the only other conventional CO z laser line which is 
suitable for pumping high-pressure NH3 lasers to 
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Fig. 5. Comparison between measured and calculated smali- 
signal gain coefficients for a range of transitions in a mixture of 
0.46% NH 3 with N 2. The experimental values were obtained at a 
pump intensity of ~ 1 MW/cm 2, 0.6 gs after the peak of the pump 
pulse. Two sets of calculations are displayed. The thick (thin) 
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obtain wide-range line-tunability. This CO2 line is 
offset by 1.35 GHz  from aR(6, 0) in NH3, and by 
4.94 GHz  from aR(6, 1) [-17]. An advantage of pump- 
ing with 9R(16), instead of with 9R(30), is that it 
provides greater pulse power from any given CO2 
laser. The main disadvantage is the much larger pump 
offset of the para-NH3 absorption, i.e. aR(6, 1). Using 
the 9R(16) line to pump N H 3 - N 2  mixtures up to 
,,~ 100 Torr  has produced line-tunable emission only 
on or tho-NH 3 transitions [10]. Efficient pumping of 
para-NH3 with 9R(16) requires N H  3 - N 2  mixtures at 
pressures greater than 4 atm, but for such pressures 
pumping with 9R(16) should be comparable to pump- 
ing with 9R(30). 

3.2. Overlappin 9 Absorptions 

A situation that occurs in many applications of 
molecular gases is an overlap in frequency of tran- 
sitions in one band by transitions in another band, 
usually in the same mode. In most optically-pumped 
NH3 lasers, only one vibrational level is excited, the 
v z = 1 level. Thus, the selective pumping increases the 
absorption on all transitions whose lower level is the 
v z = 1 level, such as the 2v2 band transitions which 
overlap the v2 band transitions. Any 2v2 transitions 
which lie close in frequency to v z transitions will tend 

to reduce the gain on those ?2 transitions. Pressure 
broadening will increase the interference, and tends to 
reduce tunability of the laser emission rather than 
increase it. High-resolution spectroscopy is a valuable 
aid for revealing transitions where overlaps occur. 
Figure 4 displays frequency scans taken with a tunable 
diode laser (TDL) probing the region near the aP(7,3) 
transition. A sweep-integration technique was em- 
ployed [18, 19], and the scans shown are an average of 
four sweeps. The TD L was used to probe a cell 
containing an NH3 mixture which could be pumped by 
a cw CO2 laser. With the CO2 laser off there is only 
absorption on the aP(7,3) transition. Turning the CO/  
laser on creates gain on aP(7,3) and simultaneously 
creates absorption on 2sP(7,1), 460 MHz away from 
aP(7,3). At pressures over 100 Torr, absorption on the 
2sP(7,1) transition will significantly reduce the gain 
coefficient at the line center of aP(7,3). 
The available spectroscopic data are not sufficiently 
accurate to evaluate the overlapping absorptions for 
all the v2 transitions [20-22]. A more direct method is 
to measure the gain coefficients as a function of 
pressure for the v2 transitions of interest. Measure- 
ments of gain coefficients at 76 and 500 Torr  are 
displayed in Fig. 5 for a range of v2 transitions. As 
predicted from Fig. 4, the aP(7,3) gain coefficient is 
much reduced at the higher pressure. The gain coeffi- 
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cient for one other transition, aP(8,2), changes from a 
small positive value at 76 Torr  to a large negative value 
at 500 Torr. This dramatic  change is due to inter- 
ference by 2aR(6,3), a very strong absorption 

1.7 G H z  away. This result is particularly interesting 
as the unpumped absorption on aP(8,2) in 500 Tor t  
was one-third of the absorption in the presence of the 
pump. The large increase in absorption with pumping 
supports our conclusion that a 2v 2 absorption is the 
source of interference. Most  of the other transitions 
show much less change in their gain coefficients [23]. 
In some cases, the contributions due to overlapping 
inverted Vz transitions increase the gain coefficients. All 
other overlapping bands, such as v4 + v2 to v2, were 
neglected. The overall agreement between theory and 
experiment is very good for both pressures despite the 
uncertainties of frequency and linestrength for the 2v2 
transitions. Thus we are confident that several tran- 
sitions will remain useful up to a few atmospheres of 
pressure. 

4. Conclusions 

In this paper  we have examined the potential for 
operating line-tunable NH3 lasers at pressures of 
several atmospheres. The motivation for developing 
high-pressure N H  3 laser operation is to increase the 
tunability of the emission and produce sub- 
nanosecond pulses. Experimental measurements of 
small-signal gain coefficients illustrate that NH3 con- 
centrations of 0.5% or less must be employed to 
minimize problems of gas heating. Theoretical calcu- 
lations indicate that a pump intensity of 100 MW/cm z, 
a reasonable upper limit for preventing optical break- 
down in the laser, creates sufficient gain for laser action 
in a 0.5% N H  3 in N 2 mixture up to 10 a tm (7,600 Tort). 
The maximum contintmus tuning range at a pressure 
of 10 a tm is estimated to be ~ 120 G H z  (4 c m -  1), 
which is sufficient gain bandwidth to support  pulses 
less than 10 ps in duration. Most  transitions will give 
30-50 G H z  tunability at 10 atm. Obvious exceptions 
are the aP(7,3) and aP(8,2) transitions, which have 
their gain coefficients drastically reduced due to 
overlapping absorption from 2v2 band transitions. 
Measurements indicate that many  interference-free 
transitions do exist, but there remains a need for high- 
resolution spectroscopy to help identify such tran- 
sitions. If we neglect overlapping absorption, then our 
calculations predict that a 10-atm N H a  laser operating 
on the P-branch transitions will be tunable across 

36% of the wavelength range from 10.5 to 13.8 gin. 
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