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Discovery of Natural Gain Amplification in the 10-Micrometer 
Carbon Dioxide Laser Bands on Mars: A Natural Laser 

Abstract. Fully resolved intensity profiles of various lines in the carbon dioxide 
band at 10.4 micrometers have been measured on Mars with an infrared heterodyne 
spectrometer. Analysis of the line shapes shows that the Mars atmosphere exhibits 
positive gain in these lines. The detection of natural optical gain amplijication 
enables identijication of these lines as a definite natural laser. 

Since their invention some 25 years 
ago, optical lasers have become nearly 
ubiquitous tools in the laboratory and in 
everyday life. Despite this abundance of 
man-made lasers, no definite naturally 
occurring lasers have been reported, 
even though the extreme variety of phys- 
ical and chemical environments of extra- 
terrestrial objects argues that natural la- 
sers should exist (I). Natural microwave 
amplifiers (masers) are abundant in inter- 
stellar clouds and some circumstellar 
shells, primarily among the rotational 
level populations of certain molecules 
(OH, SiO, H20),  and are all character- 
ized by the property hv < kT, where hv 
is the energy of a light quantum, k is 
Boltzmann's constant, and Tis the kinet- 
ic temperature. However, optical lasers 
are characteristic of electronic or vibra- 
tional transitions, for which hv 9 kT. 
Many examples of natural nonthermal 
optical emission have been found, such 
as the infrared and ultraviolet auroras or 
the day glows of Earth, Jupiter, Mars, 
and Venus, but it has never been estab- 
lished that a population inversion exists 
for any of these emissions. The relative 
populations of the two molecular levels 
must be inverted for gain amplifica- 
tion-the essence of lasing-to occur. 
We report here the discovery of a popu- 
lation inversion and natural gain amplifi- 
cation in the 10.4-p,m C 0 2  laser bands on 

Mars, representing to our knowledge the 
first definite identification of a natural 
infrared laser. 

The observations were made with the 
Goddard infrared heterodyne spectrome- 
ter (2) during January to April 1980, 
when the planet was near opposition. 
The beam size (half-power beam width) 
was 1.7 arc seconds and the disk of Mars 
was - 13.8 arc seconds in diameter. 
providing good spatial resolution on the 
planet. Fully resolved atmospheric line 
profiles were measured at various loca- 
tions on the disk, including many indi- 
vidual rotational-vibrational lines in both 
the 10.4-p,m (Owl-[1O00, 02"0II) and 9.4- 
p,m (Owl-[10°0, 02°0111) bands. We report 
here some results obtained from analysis 
of several measurements of the 10.33-p,m 
R8 line at 967.7072 cm-I. 

The intensity profiles were measured 
simultaneously at 25-MHz (0.0008 cm-I) 
resolution with 64 consecutive channels 
and at 5-MHz (0.00016 cm-I) resolution 
with a second bank of 64 consecutive 
channels. All 128 channels were record- 
ed simultaneously, thereby eliminating 
registration errors and drift. Absolute 
intensity calibration and removal of ter- 
restrial atmospheric lines was achieved 
by use of lunar comparison spectra, mea- 
sured nearly simultaneously and scaled 
to the appropriate air mass. 

Fully resolved intensity profiles of the 
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R8 line are shown (Fig. 1) for beams 
placed at disk center, the north and 
south polar regions, and the equatorial 
east and west limbs (3). Several qualita- 
tive conclusions are evident from the 
spectra. First, in the absence of signifi- 
cant continuum opacity (local dust 
storms or clouds), the emergent intensity 
far from line center is a direct measure of 
thermal emission from the surface and 
therefore of the surface temperature. 
The measured surface temperatures 
agree well with data obtained by the 
Mariner 9 and Viking orbiters where 
comparisons have been made to date. 
Second, analysis of the broad wings of 
the absorption line enables extraction of 
various atmospheric parameters by in- 
version of the radiative transfer equation 
for each location. Third, the bright emis- 
sion at line center is evident at all posi- 
tions with an intensity that is variable 
with location (4, 5). It is this core emis- 
sion that constitutes a natural infrared 
laser. 

250K12clbo2 25 MHz R(8) resolutlon 10.33 vm 

North 

' 2 ~ 1 b ~ l  R(8)  10.33 Um 

25 MHz resolution 

25 MHz resolutlon 

South 

200K 

COI line profile map 
of Mars 

Feb. 1980 

Quantitative analysis of the disk-cen- 
ter spectra was performed as follows. 
We first analyzed the line wings, from 
the continuum to within 50 MHz of line 
center. The solid-surface temperature 
(typically 260 K) was determined from 
the absolutely calibrated intensities far 
from line center. A discontinuity of 30 K 
between the solid-surface temperature 
and the gas temperature near the surface 
was assumed, in accord with radiative 
equilibrium and spacecraft observations 
(6). A mid-latitude model temperature 
profile typical of local noon, as deter- 
mined by spacecraft measurements, was 
adopted and is shown in Fig. 2. A tem- 
perature lapse rate of 2.0 K per kilometer 
was assumed to an altitude of - 45 km, 
followed by an isothermal atmosphere 
(typically 150 K) above 45 km. The shad- 
ed portion of Fig. 2 represents the range 
of temperatures measured by the Viking 
probes in the so-called isothermal region 
(7) and the mean lapse rate is also in 
agreement with measurements by the 

Observing geometry 
N 

Mars 

West 

k- 800 MHz 4 

Russian space probe Mars 6, and Viking 
for local noon (6). 

We initially assumed that the (00°1) 
state was in local thermodynamic equi- 
librium (LTE) throughout the lower at- 
mosphere (altitude z < 45 km) and per- 
formed an iterative solution to the radia- 
tive transfer equation as a function of 
surface pressure. Two lines were well 
fitted with these assumptions (for exam- 
ple, Fig. 3a), but the remaining three 
lines showed too little atmospheric self- 
emission within - 300 MHz of line cen- 
ter. No reasonable set of lapse rates, 
surface temperatures and pressures, or 
haze opacities produced a suitable fit for 
these three lines. However, all three are 
well fitted by the model described above 
if the (00°1) source function is allowed to 
fall below the LTE value in the lower 
atmosphere of Mars. Furthermore, the 
vibrational relaxation rate coefficient de- 
rived in this way (K - 4.7 x 10-l5 cm3 
sec-') agrees well with laboratory values 
(8). In addition, the retrieved surface 

Mars atmosphere Non-LTE behavior 

- Peak 
emission 

F>>1 

/ LTE 

0 0.5 1 .O 

Normalized source function F=SIB(T) 

120 160 200 240 
Temoerature ( K )  

Fig. 1 (left). Partial global map of the CO, R8 line on Mars. Small 
circles represent the placement and relative size of the instrumental 
field of view. Spectra are displayed with a linear intensity scale and 
25-MHz (0.0008 cm-') spectral resolution. Note particularly the 
globally variable surface (continuum) temperatures, the (tropospher- 
ic) broad absorption line, and the (mesospheric) bright emission core. 
For clarity we have omitted the higher resolution data near line 
center. Fig. 2 (right). Model temperature profile used to analyze 

the broad absorption wings contributed mainly by the lower atmosphere. The altitudesat which the self-emission source function peaks f i r  a 
given frequency difference from line center are given on the right. Also shown are the two principal regions where the (00'1) state is found to de- 
part from local thermodynamic equilibrium (LTE). The level for which the normalized source function falls to 0.5 is PI;  the level for which the 
source function abruptly returns to LTE is PI/.  The laser emission source function peaks at - 75 km. For a general discussion of source functions 
and failure of LTE, see (15). 
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Table 1. Core emission analysis for the Mars I2Cl6O2 R8 10.33-pm line at disk center. 

Beam center 
(longitude, 

latitude) 

Observed Apparent Observed Minimum 

half-width at kinetic required column line energy* 
(erg cm-2 density in C 0 2  half-maximum temperature 

(MHz) (K) sec-' sr-I) 
(0O01) state 

(cm-') 

Southeast of Acidalia Planitia (2", +24") 16.81 115.3 3.81 (-2) 2.19 (14) 
Chryse Planitia (41°, +23") 19.25 151.1 4.46 (-2) 3.03 (14) 
Tempe Fossae (82", + 25") 16.81 115.3 3.44 (-2) 1.97 (14) 
Northwest of Tharsis Montes (120", +22") 15.51 98.1 3.93 (-2) 2.07 (14) 
Amazonis Planitia (l58", + 27") 17.39 123.4 2.87 (-2) 171 (14) 

Mean of five lines 17.15 i. 1.36 120 i. 19t 3.70 (-2) 5 5.9 (-3) 2.17 (14) i 5.4 (13)$ 
Mean of four lines 16.63 & 0.79 113 r+_ 10t 3.51 (-2) i. 4.8 (-3) 1.99 (14) 5 2.0 (13) 

*Corrected to the subsolar point. Numbers in parentheses are powers of 10. tThe condensation temperature ( C 0 2 )  is - 110 K at 70 km. Viking temperature 
extremes (60 to 116 km) were: Viking 1, 133.6 K (92 km) to 154.6 K (64 km), 4:13 p.m. local mean time (LMT), and Viking 2, 115 K (116 km) to 157 K (88 km), 9:49 a.m. 
LMT. $The integrated radiance in the 9- and 10+m bands is 18.5 erg cm" sec-' at the subsolar point. 

pressures for all five lines agree well with 
the values determined by the Mariner 9 
topographic maps and the Viking Lander 
annual pressure measurements. We 
therefore believe that our observations 
represent the first observation of the 
failure of LTE in a planetary tropo- 
sphere, and we attribute this to screening 
of radiative exchange in the 4.3-pm band 
by airborne dust. Radiative energy ex- 
change in a clear C 0 2  atmosphere would 
keep the (Owl) level in LTE to an alti- 
tude many scale heights above the level 
at which the collisional and radiative 
lifetimes were comparable (9); however, 
a small amount of dust would efficiently 
capture quanta from the optically thick 
4.3-pm band, screening this exchange. It 
is beyond the scope of this report to 
discuss this effect further, except to note 
that the detailed physics in the tropo- 
sphere does not significantly affect our 
principal conclusion. It is sufficient to 
note that modeling of the emergent tro- 
pospheric intensity has enabled us to 
strip this from the total emergent intensi- 
ty, leaving the residual core emission. 

Two fitted examples of the main lines 
are shown in Fig. 3. In addition to the 
calibrated single-sideband experimental 
data, we show separately the modeled 
self-emission of the lower atmosphere, 
the modeled transmitted surface intensi- 
ty, and the sum, that is, the modeled 
emergent intensity. We next stripped the 
modeled emergent intensity from the ob- 
served intensity and fitted the residual 
core emission with a Gaussian profile, 
using a least-squares analysis for the 
amplitude, width, and velocity shift. Re- 
sults are shown in Fig. 4. The line ener- 
gies given in Fig. 4 are the observed 
brightnesses at disk center. Table 1 lists 
intensities after correction to the subso- 
lar point. 

The derived core emission line widths 
are a direct measure of the kinetic tem- 
perature in the emitting region, and the 

3 APRIL 1981 

integrated line brightness (E8) can be 
related directly to Noool, the column den- 
sity in the upper state (00°1), by 

Q rot 

2(2Jt + 1) exp[-B1hcJ'(J' + l)lkT] 
(1) 

where J' = 9, the rotational quantum 
number of the upper level of the R8 line, 
B' is the rotational constant for the upper 
state, h is Planck's constant, c is the 
velocity of light, and v is the frequency. 
We assume the core emission to be iso- 
tropic, which will be justified if the de- 
duced atmospheric gain is sufficiently 
small that directional effects within the 

emitting region may be neglected. The 
effect of this assumption will be to under- 
estimate the total atmospheric gain. We 
take the kinetic and rotational tempera- 
tures to be equal in the emitting region, 
which has been shown to be peaked at - 75 km (4, 5). The radiative transition 
rates (A9 and Alo) for the 9.4- and 10.4- 
pm bands have been measured in the 
laboratory (10). The rotational partition 
function (Qrot) may be taken to be 0.69 
TIB' to a good approximation. The re- 
sults of this analysis are given in Table 1 
for five observations of the R8 line at 
disk center. We find that the column 
density in the (Owl) state is not less than 
2.0 x 1014 r 2.0 x 1013 ~ m - ~ .  

One line (Chryse Planitia) shows a 
substantially higher kinetic temperature 

Ps = 6.28 mbar 

-500 0 500 1000 - 1000 -500 0 

Frequency difference from line center (MHz) 

Fig. 3. (a) The R8 line profile near local noon over Chryse Planitia [central meridian longitude 
(CML), 41'1. The model requires LTE throughout the lower atmosphere to fit the emergent 
intensities frpm the continuum to within 50 MHz of line center, where the strong laser emission 
is seen. Surface temperature and pressure are denoted by Ts and Ps. Data are from the (0, +) 
25-MHz and ( X )  5-MHz channels; data used to model the wing are marked by 0. The intensity 
scale is linear, relative to a 260-K single-sideband blackbody. (b) The R8 line profile near local 
noon, northwest of Tharsis (CML, 120"). A non-LTE model is required in the lower atmosphere 
to fit the line. An abrupt return to LTE at the 2.4-mbar level is found. In this case the source 
function would fall below 0.5 at 3.05 mbar. The intensity scale is linear, relative to a 266 K 
single-sideband blackbody. 



Table 2. Mars C 0 2  R8 10.33-km transition: lower state column density and atmospheric gain. 

Lower Kinetic Column density ( ~ m - ~ )  Minimum Minimum 
altitude temper- -- population gain 

Constraint bound ature Lower Upper inversion at line 
(Nd Woo-I (cm-') center (km) (K) 

-- - 
Condensation 48 120 5 1 ( 1 4  >- 2.2 (14) + 1 1 4  + 1.45 (-3) 
Condensation 65 113 5 4.0 (12) 2 2.0 (14) +2.0 (14) +2.71 (-3) 
Source function 75 120 5 3.2 (12) 2 1.1 (14) + 1 .  (14) + 1.38 (-3) 
Source function 75 113 5 1.1 (12) 2 1.0 (14) +1.0 (14) + 1.37 (-3) 

*Numbers in parentheses are powers of 10. 

(151 K) than the remaining four observa- 
tions, which have a mean kinetic tem- 
perature of 113 +. 10 K. Its width (19.25 
MHz) is nearly 3 standard deviations 
greater than the mean width of the other 
four lines (16.5 * 0.8 MHz). We carried 
through parallel analyses based on four 
and five lines, respectively, because the 
Viking entry probes measured consider- 
able thermal structure in the region 60 to 
120 km, suggesting that the observed 
high temperature (151 K) may be real. 
We will show that inclusion of this line in 
the analysis does not affect the main 
conclusion of this report. The total ener- 
gy radiated in the 9- and 10-pn bands is 
18.5 erg sec-', which agrees well 
with earlier results (4, 5). It is interesting 
to note that the energy radiated in the R8 
line is - lo9 times greater than would be 
radiated by this region of the atmosphere 
were it in local thermodynamic equilib- 
rium. 

The total directional gain, T(v), along 
the line of sight may be calculated (11) 
from the relation 

O0 
CML 41' 3/28/80 1 
C-Plan~tia laser emlsslon 
Half-width = 19.25 MHz 
Kinetic temp. = 15 I K 

0.80 L me energy; 4.02(-2)(ergs/cm2 sec sr) 
I 

where h is wavelength, the w's are state 
statistical weights, g(v) is the line shape 
function, and the primes and double 
primes indicate upper and lower states, 
respectively. The emergent intensity will 
then be given (for unsaturated amplified 
spontaneous emission) by 

where q is some constant. If Njt 
> NJ~~wl/w", the state populations are 
said to be inverted and the gain constant 
is positive definite, a necessary and suffi- 
cient condition for gain amplification 
(lasing) to occur. 

We evaluate the maximum possible 
column density in the lower state [10"0, 
02"011 in the following way. We must 
establish three physical parameters: (i) 
the base altitude level above which the 
emission originates, (ii) the rotational 
temperature of the lower level (I), and 
(iii) the vibrational temperature of level 
I. The base altitude level may be estab- 
lished either by determining the region 
where the pumping energy is deposited, 
or more severely by requiring that the 
observed kinetic temperatures be great- 
er than the condensation temperature. 

O0 m M L i 7 / 8 0  
I NW of Tharsls Montes 

k ~ a l f - ~ ~ d t h  : 15.51 MHz 
I Kinetic temp.: 98 K 

Line energy : 3.57(-2)(ergs/cm2sec sr) 

O,t = 25 MHz 
x : 5 MHz 

Frequency dl"-rence from line center (MHz) 

Fig. 4. (a) Laser emission at the core of the R8 line over Chryse Planitia. The underlying curve 
is the total emergent intensity in the absence of laser emission, and modeled as described in the 
text. The difference between the observed and modeled intensities is fitted to a Gaussian, as 
discussed in the text. Also shown are the half-width at half-maximum, the derived kinetic 
temperature, and the integrated energy in the laser line at disk center (see text). The intensity 
scale is linear, relative to a single-sideband 260 K blackbody. (b) Laser emission northwest of 
Tharsis Montes. See text for discussion of analysis. The intensity scale is linear, relative to a 
single-sideband 266 K blackbody. 

Johnson e t  al. (5) used the former meth- 
od and found that - 50 percent of the 
core emission originates at altitudes 
greater than 75 km. We independently 
verified their result. Condensation tem- 
peratures of 120 and 113 K are reached at 
altitudes of 48 and 65 km, respectively 
(7). We will show that a population in- 
version exists for each lower altitude 
bound, and therefore that the exact 
choice of altitude bound is unimportant 
for our main conclusion. 

The vibrational exchange rate for I 
with C02(00"0) is nearly gas kinetic (12) 
and the radiative relaxation rate is - 3 
sec-' . Therefore collisional relaxation and 
radiative relaxation become comparable 
at - 120 km, far above the emitting 
region, and we expect collisions to domi- 
nate radiative effects at lower altitudes. 
We therefore take the vibrational, rota- 
tional, and kinetic temperatures to be 
equal; that is, the I state must be in local 
thermodynamic equilibrium. We have al- 
ready directly measured the kinetic tem- 
perature in the emitting region (Table 1) 
and may now calculate the maximum 
lower state column density above our 
lower altitude bound for an exponential 
atmosphere. In every case the lower 
state column density is less than the 
upper state column density (Table 2); 
that is, a population inversion exists. 

We may now calculate the (minimum) 
directional gain at line center from 

where S' = 8, J' = 9, and the line shape 
function at line center is 

and we take Booal = B1 = 0.39 cm-' 
(13). 

The results are given in Table 2. Note 
that when using the source function alti- 
tude bound, we halved the upper state 
column density before calculating the 
gain. 'The gain is positive definite in all 
cases (14) and for the most reasonable 
lower bound (source function), the popu- 
lation inversion is greater than 50: 1. 

In every step we routinely made as- 
sumptions that would minimize the total 
gain; nevertheless, the derived gain is 

SCIENCE, VOL. 212 



positive to an accuracy of 10 standard 
deviations, based primarily on the accu- 
racy with which the upper-state popula- 
tion is determined ( 2  10 percent). The 
derived gain would result in gain narrow- 
ing of the line by - 10 kHz, an unobserv- 
able amount compared with the kinetic 
line widths. However, the atmospheric 
gain should be substantially greater at 
large zenith angles than in the zenith 
direction, and a search for macroscopic 
gain narrowing seems warranted. 

In conclusion, natural gain amplifica- 
tion has been observed in the mesophere 
of Mars, representing to our knowledge 
the first definite identification of a natu- 
ral infrared laser. 
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Vasopressin Analogs That Antagonize Antidiuretic Responses 
by Rats to the Antidiuretic Hormone 

Abstract. Four new synthetic analogs of vasopressin (antidiuretic hormone) can 
antagonize the antidiuretic response to intravenous vasopressin in anesthetized, 
water-loaded rats. They also cause a diuresis resembling that of diabetes insipidus 
when given intraperitonealty to conscious rats. Such antagonists may prove to be 
useful both pharmacologically and therapeutically. 

The development of useful synthetic 
antagonists of in vivo antidiuretic re- 
sponses to arginine vasopressin (the anti- 
diuretic hormone or ADH) has proved to 
be an elusive goal. Hundreds of analogs 
of the neurohypophysial peptides oxyto- 
cin and vasopressin have been synthe- 
sized and pharmacologically evaluated 
over the past 27 years. A number of 
these can effectively antagonize vaso- 
pressor responses to vasopressin in vivo 
(1-3). Of the few analogs that appeared 
to antagonize antidiuretic responses to 
ADH (4, 9, none has emerged as a phar- 
macologically or clinically useful antidiu- 
retic antagonist. We now report four new 
synthetic analogs of arginine vasopressin 
that effectively antagonize antidiuretic 
responses by rats to exogenous or en- 
dogenous ADH. These analogs, in order 
of their increasing potencies in antag- 
onizing the antidiuretic response, are 
1, [l-(p-mercapto-p,p-cyclopentamethy- 
lenepropionic acid), 2-0-methyltyrosine, 
4-valine, 8-D-argininelvasopressin, ab- 
breviated as d(CH2)5Tyr(Me)V~AVP; 
2, [1-(p-mercapto-p,p-cyclopentamethy- 
lenepropionic acid), 2-0-ethyltyrosine, 
4-valine, 8-D-argininelvasopressin, ab- 
breviated as d(CH2)5Tyr(Et)V~AVP; 
3, [1-(p-mercapto-p,p-cyclopentamethy- 
lenepropionic acid), 2-0-methyltyrosine, 

4-valinelarginine vasopressin, abbrevi- 
ated as d(CH2)5Tyr(Me)VAVP; and 
4, [1-(p-mercapto-p,p-cyclopentamethy- 
lenepropionic acid), 2-0-ethyltyrosine, 
4-valinelarginine vasopressin, abbreviat- 
ed as d(CH2),Tyr(Et)VAVP. These ana- 
logs have the general structure shown in 
Fig. 1. 

The analogs were designed by modify- 
ing one of our previously reported an- 
tagonists of vasopressor responses to 
vasopressin, [1-(p-mercapto-P,P-cyclo- 
pentamethylenepropionic acid), 4-val- 
ine, 8-D-argininelvasopressin [d(CH2),- 
VDAVP; X = H, Y = D-Arg] (3). Al- 
though not an effective antagonist of 
antidiuretic responses to ADH in vivo, 
this analog had been shown to be a 
competitive antagonist of the activation 
of renal medullary adenylate cyclase by 
ADH in vitro (6). The work of Larsson et 
al. (5) pointed to the feasibility of using 
0-alkyltyrosine substitutions in attempts 
to convert this peptide into an antagonist 
of the antidiuretic response in vivo. Such 
substitutions in the highly potent antidi- 
uretic agonist deamino-lysine-vasopres- 
sin had resulted in peptides with antago- 
nistic activity, albeit not dose-related, of 
antidiuretic responses to lysine vaso- 
pressin in rats (5). Analogs 1 and 2 were 
thus designed by incorporating 0-methyl 

1 2 3 4 5 6 7 8 9  Analog X Y 
CH2-CO-Tyr(X)-Phe-Val-Asn-Cy-Pro-Y-Gly-NH2 

1 CH3 D-Arg 
,CH~-CH.? I 

CH7 C 2 C2H5 D-Arg 

Fig. I .  The structure of analogs 1 to 4. 
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