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N.O molecules dispersed in argon matrices, at a concentration of 1/2000, are excitedui#g-thewvibrational

level by a laser pulse at 2218 cinStimulated emission of the—v; transition is observed when the inversion
population is large enough, i.e., when the energy absorbed from the laser pulse exceeds a threshold value.
From the measured energy threshold, we derive a “loss coefficient” for the cavity-like polycrystalline excited
argon sample (a disk about 2@ thick and 1.5 mm in diameter). Using this loss coefficient, on the basis

of molecular spectroscopic parameters, we predict the inversion population threshold for stimulated emission
on other NO transitions, and for other molecules in identical matrices. The prediction is remarkably consistent
with our previous observations onz@nd **CO, for which the emitting level s = 2 andv, = 3 or 2,
respectively) is populated via intramolecular nonradiative transfers.

I. Introduction IFS 113 V spectrometer (resolutien 0.03 cntl). In contrast
with CO,, which is trapped in two sites of different stabilitigs,
only one trapping site is observed, in agreement with literature
data®® Calculations in progress, based on the mbdklborated

for Oz, show that this site is a double substitutional one, similar
to the one termed “unstable” in the GCase’

Such a geometry explains the observed lifting ofithenode
degeneracy (Figure 1); under the present deposition conditions,
the v, doublet exhibits line widths (fwhm) of 0.09 and 0.075
result. Emission now comes from the excited levglof the cm ?, whereas that ofs is 0.14 cn1™. These data concern the

molecule, so that threshold measurements, involving laser energ)pnannealed samples which are studied in the present emission

and absorption by the sample, give direct information concerning exggnmeqts.h hat the third b db
the onset of the stimulated process. We may then compare the |gured SbIOWI.St at; e thir golmponent, observed between
behavior of three triatomic molecules in a similar environment, 1€ two doublet lines, does not belong tedimonomers as it

excited at 5um with similar laser fluences. The discussion is grows |rreverS|_ny upon annealing. o )
focused on the molecular parameters. c. Characteristics of the Observed EmissionUpon excita-

tion at 5um, as for Q and3C0,, a strong and short emission
Il. Experimental Section is observed for BO. Figure 2 shows an excitation spectrum of
) ) this emission (Figure 2C) compared to the transmission of the
a. Setup.Details about the apparatus can be found in refs 1 |aser through the sample (Figure 2B) and to a FTIR absorption
and 2. We just recall here some characteristics of the experimentgpectrum (Figure 2A) in thes region. The spectrum shown in
Solid argon samples, about 2Q0n thick, are obtained by  Figure 2B will be used later to estimate the number of absorbed

deposition of a gaseous mixture onto a gold plated copper mirror yhotons, It has been obtained by measuring the laser intensity
held at 18 K and then cooled to 5 K. The concentration, 1/2000 jfter its reflection at 450n the sample holder mirror, which

in the cases ot3CO, and NO, has been chosen to avoid the
formation of dimers. It was 1/200 for{The laser, focused on
an area of 2x 1072 to 3 x 1072 cn?, impinges normally on
the sample mirror. The detection angle; 4&n only be varied
by +8°. The stimulated light is emitted with low directionality
out of the flat disk of the active medium. Scattering inside the
polycrystalline sample, which increases the optical path length
is invoked to explain the efficiency of the process and the
absence of directionality.

b. Absorption Spectroscopy.In a first step, absorption
spectra of MO in argon have been recorded using a FTIR Bruker

Recently, we reportédstimulated emission of thevg — v3
transition of ozone trapped in low-temperature matrices, when
excited by a laser pulse aroundubn to thev;+vs level, 60
cm! above 23 Under very similar conditions, we have
observed stimulated cascades in thre manifold of 13C160; in
argon matrices after intramolecular transfAE(~ 400 cnT?)
from the excitedvs mode. In the present paper, we describe
identical experiments, performed &MN,%0, which yield a new

increases the absorption length by a factor v when
compared to emission experiments. However, the thickness of
this sample is only~90 um so that the observed absorption
percentage provides a lower limit for 18im samples il-
luminated at zero incidence. Moreover, we have considered the
possible saturation of thes transition, especially through the
rirradiated first layers; effectively, the transmission slightly
increases (from 18% to 22%) when increasing the laser fluence
by a factor of 2, as can be seen on the expanded paof B
Figure 2B. The maximum of the emission nicely correlates with
the absorption one. However, the excitation spectrum is nar-

rower.
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Figure 1. Spectroscopic study dfN,'%0O (v mode) in solid argon J B
M/R = 2000,T = 5 K, thickness~160um, resolution= 0.03 cnt?): R
E—) after deposition al = 18 K; (- - -)ﬂafter annealing af ~ 30 & c 10 ] w v g P .. : 0 L
2 08 ‘
are allowed between vibrational levels below These transi- 8 ' ] ‘
tions are schematically drawn on Figure 3 and some of their & 06 - —_ * ®
vibrational transition moments, taken from gas-phase literature § | laser FWHM e
data® ! are recalled. Using short wave cut off filters from Oriel ‘: 0.4 - ®
(Ac = 8 and 13.7«m), we can assign the emission to the-v1 o ]
and/orvs—2v; transition(s) at 1gm. We carefully checked that € 024 g
the observed signal is not changed when replacing tphen8 o B
filter by a 5.7um one; this clearly rules out theg and (1+v2)— 0.0 i i ] . }
vz transitions at 7.7%m. "2208 2212 2216 2220 2224 2228
The dependence of the signal amplitude upon laser energy is wavenumber (cm“)
presented on Figure 4 for three different experiments, concerning 0.6 ®
three samples of equal concentration (1/2000) but different 1 ®
thickness. In each case, an energy threshold is clearly found 0,5
under which no signal can be detected. Above the threshold, ¢ -
the dependence upon laser energy seems linear in the studiedg 0.4 - ®
range. As two MCT detectors with different sensitivity have g 1
: X . ®
been used, no information can be extracted from the vertical € 0,3 - v
scale. The thresholds however can be compared; they obviously 8 : ® » o X
decrease when the thickness increases. Similar obsen/etions 5 0.2 ® §
were made in the case of;@nd CQ. @ :
Considering the time response of the detection system (the = 0.1 - B
fastest is a MCT detector from Belov-Technology, 38 ns rise §
time, ~300 ns decay tinf¢, no short-time measurements can 0.0 T T T T 1
be performed. Within experimental error, the signal reproduces 2218,0 22182 22184 22186 22188 2219,0
the recorded laser pulse. This is not surprising since the emission wavenumber (cm™)
directly starts from the level excited by the 5 ns laser pulse. 1.8
Moreover, the emission being stimulated, its temporal behavior 1 4_' o0 c
is not related to the vibrational lifetime of theg level. o
We do not observe any long-lived weak-amplitude fluores- __ 12 -
cence, following the presently described short emission; this is 3 1'0_'
obviously due to the limited dynamics of the detection. 4 . ®
§ 0,8 —-
I1l. Discussion % 0,6 - ®
Except for the spectral range, the emission coming fre@,N 5 0.4 -
13CO,, and Q have very similar characteristics, in particular 02_' ® °
the existence of an energy threshold. Above the threshold, " P o0
photons, spontaneously emitted on a given transition, are 0.0 — T T T T T
amplified by stimulated emission on their passage through the 22180 22182 22184 22186 22188 22190
sample, thanks to the population inversion. This phenomenon wavenumber (cm™)
is usually called amplified spontaneous emission (ASE)e Figure 2. Absorption and excitation spectra ¥N,%0 in solid argon

compare, at a semiquantitative level, the conditions for the onset(M/R = 2000, thicknessv 90 um, T = 5 K): (A) FTIR absorption
of the stimulated process on differens®itransitions, and on ~ SPectrum in thess region, resolution= 0.1 cnt™; (B) transmission of

3¢ - L the laser pulse through the sample after reflection on the sample holder
O, and Q ones, considering only similar samples (concen-  mirror at incidence 4% (B') zoom of Figure 2B; (C) excitation spectrum

tration ~1/2000, thickness-200 um). of the 16um emission.
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frequency frequency (i) The gas-phase values dRy|?2 are taken from the
(cm™l)  transition dipole moment  (cm"1) literature®~11:13-15 For N,O, it was checkel that the integrated
(gas phase) 103 [Ryy 2 (Debye2) (solid argon) intensity ratiol (v,)/I(v3) is consistent with the gas-phase value
v vl v3 Y B8Z, ¢ § W of _|R02|2/|R03|2. Surprisingly, in thé%@ case, th(_e intensity
0001 222376 S o OSS—= 7 o o 2218.6 ratio seems larger by a factor of 2 in the double site, compared
1110 1880.27 I‘_’;{ e 11%%3{ to the single one. Either this is a real but unexplained effect

0330 1766.92

O D and we have to increag®y;|?2 by a factor of 2 (Table 1), or

there is an artifact in the intensity measurement ofithéne

for thin samples 2 um thick), in which case the relative

abundance of the two sites should be changed. Imthhegion,
1282.8 42% of the absorption is due to the double site, 46% to the
single one, and 12% probably to a dimer. The corresponding

ti<mulated dh

1000 128491
0220 117775 <

2 : v

0o 1168.13 T T 1167.6 ’ . .
0200 é N values in thevs region are 25%, 65%, and 10% respectively.
5 (i) The values ofyy, are derived whenever possible from the
i v " v ' v v 894 matrix position of the u and | levels, obtained from fundamental

01lo 58877 ™ <= 588.5 absorptions; otherwise, gas-phase values are retained.

i (iii) For yw, as the width of hot bands is not measurable in

¥ absorption at the matrix temperature, we tentatively use that of

h the corresponding fundamental. For combination bands such as
0000 v Y v3—v1 OF v3—2v;,, We use that obs.

Figure 3. Vibrational energy levels oFN,*O in solid argon up to We believe that these approximations are reasonable, if only

2218 cnTl. Most probable transitions are shown by a full arrow, and Orders of magnitude values are needed.

their gas-phase transition dipole moments are given (refsl$. Other Absorbed energies, measured in the present study and

transitions are only recalled by dashed lines. described in section llc, can be converted into initial population

inversion,AN, which we suppose roughly homogeneous through-

25 out the sample, because of the laser reflection on the sample
holder mirror. Assuming distributed losses,, the net gairG
S 20+ can be written as
£
P G=o0,AN— o 3)
2
El so that the threshold condition for amplification is given by
s 10
5 0uANr = oy 4)
% <] o
E Following Apkariant” who first pointed out the importance of
® S stimulated processes in the vibrational relaxation of matrix
0 — el trapped molecules and described the onset of ASE in such a
o 30 60 90 120 150 180 medium, oy can be interpreted as the reciprocal of the mean
laser pulse energy (uJ) distance from the center of the illuminated disk to its boundaries,
1
Figure 4. Dependence of the emission amplitude upon the laser pulse abouf[ 20 cm® in the present case. .
energy; existence of a threshold. Sample thickngss260 um; (O) Using the present threshold and transmission measurements
180 um; (2) 90 um. (50uJ pulse, absorptior 82%, cf. section lic), one gets a lower
limit, ANt > 0.28 x 10 molecules cm?.
The cross section for stimulated emissioy, between the We then deriver. = oy ANy > 26 cnT'?, a coefficient which
upper level “u” and the lower level “I”, for Gaussian lines, is depends only on the characteristics of the matrix, not of its guest.
expressed as This value is fairly consistent with the geometrical coefficient

proposed by Apkarian but, somewhat surprisingly, it leaves no

place in the interpretation for optical scattering which was
(1) invoked to explain the absence of directionality of the emiskion.

Nevertheless, we will use this value to predict lower linditsr

for the initial population inversion densities in the case of various
whereRy, is the matrix element of the dipole moment, related Other transitions. The results are presented in Table 1. The ratio

to Einstein’s coefficientdy, v, and yi, are the wavenumber ~ Of ANr to the density of molecules\g, cm™) is also included

o=

__ A e z;(n2+2)2
. 8w, Py, Shcyy ™ n

3

and the width at half-maximum of the transition, amés the since it can be considered as a test of the feasibility of an ASE
refractive index of the matrix_ For argon matnces WlﬂfF 127' eXpeI’iment. Wha’[evel’ the eXperimenta| COﬂditiOﬂS, Saturation
one gets of the absorption prohibits ANt/Ng value exceeding 50%.

Table 1 can now be used to check the consistency of our
v, different experiments.
0y =4.74x 10°=|R[° ) a. Other N2O Transitions. First, at 10um, ASE on thevs-
V1w 2v, transition is clearly ruled out, leavings—v; as the only
transition responsible for the presently observed emission.
if Ru is expressed in Debye unit. Second, we would predict ASE to be easier at 7.75 and 17
Table 1 assembles the values®&fi|?, v, andy,, which will um, but this would imply an energy redistribution from the
be used to calculatey from formula 2. level toward numerous levels. Increasing the absorbed energy
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TABLE 1: Estimation of the Minimum Population Inversion ANt
Sample AN+1/No Cannot Exceed 50%)

J. Phys. Chem. A, Vol. 104, No. 8, 2000673

Necessary for Stimulated Emission in a 18@m Thick Argon

(A) N2O (B) O3 ©)Cce
(Ar/N2O = 2000) (Ar/O3 = 200) (Ar/CO, = 2000)
10 um 7.75um 17 um 10um 10um 16um
V3—V1 V3—21/2 1/1+1/2—1/2 31/21—21/20 31/21—21/22 21/20—1/21 21/3—1/3 V3—V1 V3—21/2 31/21—21/20 31/21—21/22 21/20—1/21
sing. doub. sing. doub. doub. sing. doub. doub. sing. doub.
site  site site site  site  site  site site site  site
vy (cm™1) 938.3% 105® 129C¢¢ 581 571 579 1012 101P 913 913 1018 623 6268 596 614 613.%
yid (cm™) 0.14 0.14 0.10 0.08 0.08 0.08 030 0.26 0.36 0.12 0.12 0.09 0.032 0.032 0.09 0.032
10° x - 2.88 0.26 36 9.58 3.88 4.88 71 71 1.77 1.77 0.67 50.6 101 41 21.7 43
[Ruul (D)
6 x 2 0.092 0.009 2.2 0.33 0.13 0.17 1.1 1.3 0.021 0.064 0.027 1.67 9.38 3.58 0.70 3.94
ou® (cn¥)
10716 x 280 2900 12 80 200 150 24 20 1230 400 950 15 27 7 37 6.5
AN7e (cm™3)
ANT/Ng® 21d 215 0.9 6 15 12 0.5 0.21 140 115 270 2 0.9 2.2 5 2
(%)

a Matrix values.? Gas-phase values (refs-81 and 13-15). ¢ Deduced

only results in an immediate increase of the-v, ASE. The
absence of other emissions is then not surprising.

b. 2vs—v3 Transition of O3 at 10 gm. The present limit
ANt/Ny > 0.21% is too high but has the right order of magnitude
in comparison with the value 0.13% obtained in ref 1 from

froma andb. 9 Present experimental valuegstimated fronc andd.

The comparison of the molecular properties of these three
species allows a rationalization of our previous experimental
results. The ASE onset in similar argon disks is clearly related
to transition moments and line widths. Weak transitions can be
used for excitation provided that a high concentration may be

absorption measurement at threshold. The very efficient transferchosen (@ case), when looking at a strong emission transition.

from v;+v3 to 2v3 is confirmed.

c. 13CO; at 10 gm. From Table 1, stimulated emission of
the v3—v; transition seems impossible at the concentration
= 1/2000. However, a decrease &ANt/Ng below the critical

value of 50% only requires an increase of the concentration by
a factor of 2.5. Indeed, ASE has been observed recently at 10

um at the concentratio€ = 1/500 and only for the double
site. The thickness was about 400 and the threshold rather
high, but qualitatively the prediction was valid. As for®)

Weak transitions are able to give ASE, when the pumping rate
is high (3CO, and NO cases). The semiquantitative consid-
erations developed here may provide a predictive tool for
stimulated processes to occur for other guests in similar samples.
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