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An investigation was made of the propagation of COz-laser radiation pulses in gaseous boron trichlor
ide. The self-induced transparency effect was investigated. The influence of degeneracy was deter
mined and estimates were obtained of the collision phase-detuning time Tz, of the maximum transition 
matrix element iJ- 0 , and of the number of particles participating in the absorption in BC13 • 

THE problems of propagation of coherent radiation 
p..tlses in resonantly absorbing media are attracting de
served attention. The self-induced transparency and the 
photon echo effects are convenient means for investigat
ing the characteristics of absorbing media. In the opti
cal range these effects were first investigated by Kur
nit et al. [ 11 and by McCall and Hahn, [zJ who based 
their studies on the well-known investigation of the spin 
echo in nuclear magnetic resonance. [ 3 1 The self
induced transparency and the photon echo in gaseous 
SFs were first investigated in the infrared range by 
Patel and Slusher[ 41 were somewhat incomplete be
cause no allowance was made for the degeneracy, which 
is known to occur in molecular gases. 

The purpose of our investigation was to determine 
the principal parameters of gaseous BCb by studying 
the self-induced transparency with a suitable allowance 
for the degeneracy. 

Gaseous boron trichloride is widely used in C02 la
sers for passive Q-switching, [SJ for frequency tuning 
of the laser radiation, [sJ and for many other purposes. 
BCb is superior to the well-known gaseous SFs because 
of the much wider range of resonances with the COz
laser radiation. 

1. If a medium can be regarded as a two-level sys
tem which resonates under the influence of a given ra
diation and if the p..tlsed radiation field can be repre
sented by a plane linearly polarized wave E(z, t) 
= 0 (z, t) cos ( wt- kz), where 8 (z, t) is a slowly vary
ing field amplitude, i.e., I a if /Btl << w 16 I, IB 0 /Bz I 
<< lol /A, it is found that the simultaneous solution of 
the Maxwell and Schrodinger equations subject to rea
sonably unrestrictive-in the experimental sense-con
ditions Tp << T1, Tz ( Tp is the pulse duration, T1 is 
the longitudinal relaxation time, and Tz is the time con
stant of irreversible collision-induced phase detuning) 
yields the following equation which applies under exact 
resonance conditions: 

de a 1-1 
?h- =- 2sin8, 8(z) = h s o(z, t)dt, ( 1) 

where the parameter 8(z) is proportional to the area 
under the pulse envelope and to the dipole transition 
matrix element Jl, and the constant a = 81lniJ- 2 w/tic~wL 
is the linear absorption coefficient. Here, n is the dif
ference between the level populations and ~w L is the 
width of the absorption line. For low values of e, 
Eq. (1) corresponds to the usual linear absorption in ac-
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cordance with the Bouguer-Beer law. 
The solution of Eq. (1) is of the form 

O(z)=2arctg[(tg ~')exp(- ~ az )]. (2) 

where e0 = 8(z = 0). Consequently, an input p..tlse char
acterized by e0 slightly larger than the critical value 
e0 = rr will become broadened. The value of e increases 
to 2 rr in a distance z >> a - 1 and the pulse assumes the 
stable shape 

o(z, t) = ~sech [_i__(t _ _!____)]. 
I!Tp T V 

Next, the pulse travels at a constant velocity V < c 
without energy losses and without distortion of shape 
because that part of the energy which is lost during the 
first half of the pulse t < z/V because of the absorption 
and the consequent excitation of the system is compen
sated exactly by the energy evolved in the system during 
the second half of the pulse t > z/V. This sequence of 
events delays the pulse by a time Td =l'zaLTp· This is 
the essence of the self-induced transparency effect in 
its pure form. 

The delay of a rr pulse, i.e., a pulse with eo = rr, is 
much longer. This delay can be estimated easily by as
suming that e varies slowly in the vicinity of rr and that 
the p..tlse energy decreases exponentially: we then find 
that Td ~ %Tp exp (aL/2). 

The right-hand side of Eq. (1), which applies to a 
nondegenerate system, contains an oscillatory function. 
Consequently, the pulses characterized by 8 0 = 3rr, 5rr, 
... behave like the rr pulse. However, an allowance for 
the degeneracy, [ 7 l which is always present in the case 
of vibration-rotation transitions in molecules, alters 
drastically the situation. In this case Eq. (1) becomes 

de=-~ '\1 r,sinr;tl, 
dz 2 .0::... 

(3) 

where the summation is carried out over all the degen
erate states i = 1, 2, ... , 2J + 1; ri = !li/ llo; llo is the 
maximum dipole matrix element; lli is the matrix ele
ment of the i-th degenerate state; and the parameters e 
and a are defined in terms of the maximum matrix ele
ment llo: 

~ 

flo s 8(z)=- ftf(z,t)dt, 
ll 

In the case of a symmetric top molecule the Q branch is 
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characterized by ri = (J- i + 1)/J, whereas the P and 
R branches of the vibration-rotation transitions are 
characterized by rt =·.JJ2- (J- i + 1)2/J. 

An analysis of Eq. (3) shows that if Bo < 21T and the 
optical thickness of the medium is equal to several ab
sorption lengths, a degenerate system behaves as if it 
were nondegenerate except for the value of the first un
stable solution of Eq. (3). In the case of a nondegenerate 
system this solution is exactly equal to 1T, whereas for a 
degenerate system the value of the first unstable solu
tion depends on the nature and the serial number of the 
transition. For example, we find that 90 = l.061r for the 
Q(2) transition in the Q branch and 90 = 1.371T for the 
Q(10) transition. At high values of J the summation in 
Eq. (3) can be replaced by integration on the assump
tion that the distribution of JJ. is continuous. In this 
case, we find that 9o = 1.21T for the P and R branches 
and 90 = 1.431T for the Q branch. 

Considerable differences in the behavior of a degen
erate system appear for pulses with 90 >>1r. Then, the 
right-hand side of Eq. (3) tends to zero when 9 is in
creased and, consequently, the macroscopic polariza
tion of the medium tends to zero. The system as a 
whole ceases to re-emit radiation. 

Thus, an investigation of the propagation of coherent 
radiation pulses in degenerate systems near the 1T re
gion, where degenerate and nondegenerate systems be
have similarly, should make it possible to determine 
experimentally the values of the maximum dipole ma
trix element and of the time constant T2. 

2. The experimental arrangement used in our study 
is shown in Fig. 1. The apparatus consisted of a laser 

7 f'VZY. 
7 I ' 

FIG. I. Layout of the apparatus. 
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FIG. 2. Dependences of the output intensity lout on the input in
tensity lin (in relative units): a) for different pulse durations: 0) Tp = 
360 nsec, e) rp = 80 nsec; b) for different gas pressures: 0) P = 40 
rntorr, e) P = 75 rntorr, +) P = 120 rntorr. 

operating under double Q-switching conditions. la 1 The 
resonator was formed by a plane-parallel germanium 
plate 1, a rotating mirror 2, and a diffraction grating. 
The double Q-switching technique made it possible to 
generate laser pulses of 10 kW I cm2 intensity and of 
50-600 nsec duration. These pulses consisted of the 
weak C02-laser radiation lines P8, P10, and P12, which 
corresponded to the maximum values of the absorption 
coefficient of BC13 • 

Tiltable mirrors 3-6 were used to direct the radia
tion pulses to gas-filled cuvettes of 40 mm diameter. 
The total length of the cuvettes was 6 m. The pulses 
were picked up by two Ge-Zn-Sn detectors (77 o K) with 
a pass band 30 MHz wide. These detectors (D1 and D2) 
were placed at the entry and exit of the cuvette system. 
The laser emission frequency was measured by means 
of a monochromator M whose resolution was 0.2 em - 1• 

The radiation intensity was varied by means of a cali
brated attenuator A made of Teflon film. 

We investigated experimentally the dependence of the 
intensity, shape, and delay of the output pulse on the in
put pulse intensity. This dependence was determined 
for various pulse durations in the range of gas pres
sures in the cuvette from 1 to 100 mtorr. A definite in
flection was found in dependences of this type (Fig. 2). 
The position of this inflection It depended on the pulse 
duration (Fig. 2a) but was independent of the gas pres
sure (Fig. 2b). At laser radiation intensities I<~ a 
pulse was absorbed linearly in accordance with the 
Bouguer-Beer law and its shape was not distorted. In 
the range I > Ii the absorbing medium was practically 
transparent and lout ...... lin· However, in the latter case 
there were some energy losses in the leading edge of 
the pulse because of the need to excite the system. The 
trailing edge of the pulse was not affected (Fig. 3). The 
observation of only one inflection in the curves of Fig. 2 
was evidence of the influence of degeneracy on the self
induced transparency of a molecular gas. 

Figure 4 shows, by way of illustration, the photo
graphs of a series of output pulses obtained for different 
values of the input intensity. 

The pulse shape changed considerably at intensities 
in the region where I= It· The pulse became broader 
and more symmetric and its delay time increased to 
its maximum value (Fig. 4c). This behavior was typical 
of the case characterized by Tp < t2• When the value of 
T2 was reduced by increasing the pressure, it was 
found that the lout(Iin) curves no longer had a definite 
inflection (Fig. 2b). Moreover, the shape of the output 
pulse changed in a different way. As before, the output 
pulse was delayed because of the absorption of its lead
ing edge in the cuvette gas but the trailing edge became 
shorter because the reverse process of re-emission 
lasted only for a time T2 (Fig. 5). This enabled us to 
estimate the time constant T2 which was found to be 
30 nsec/torr. However, an exact value of T2 could be 
obtained only in photon echo experiments. 

The large change in the absorption coefficient, the 
distortion of the pulse, and the maximum delay observed 
in the region where I = It suggested that the inflections 
in the curves plotted in Fig. 2 corresponded to 90 R:: 1T. 
Having measured the absolute value of the input inten
sity at the inflection point, we could determine quite ac
curately the maximum transition matrix element of the 
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FIG. 3. Superposition of two 
output pulse oscillograms obtained 
for() 0 > 1T using an empty cuvette 
and a cuvette filled with gas to a 
pressure of I 00 mtorr. Traces of 
the input pulses in the upper half 
of the figure coincide. Time scale 
20 nsec. 

FIG. 4. Oscillograms of a series of output pulses obtained for in
creasing intensities of the input pulse. The pulse shown in Fig. 4c is the 
1T pulse. The input pulses are shown in the lower halves of the oscillo
grams. Time scale 50 nsec. 

FIG. 5. Superposition of two 
pulse oscillograms obtained for 00 

~ 1T and 8 0 > 1T (gas pressure in the 
cuvette 100 mtorr). The input 
pulses are shown in the lower half 
of the figure. Time scale I 00 nsec. 

gas under investigation from the relationship 

flo Bn ----"'/1 i 'tp ~ 1t. 
h c 

Since the system was degenerate and the transitions 
responsible for the absorption in BCh were not identi
fied, the value of the quantity on the right-hand side of 
the above relationship-which was the first unstable so
lution of Eq. ( 3) -could lie between 1f and 1. 437T. This 
introduced some indeterminacy in the estimate of flo 

although we could assume that the vibration-rotation 
transitions participating in the absorption were charac
terized by jarge values of J. We estimated flo by as
suming that eo was 1.41f and this gave iJ.o"" 5 x 10-20 cgs 
esu for the absorption of the P12 C(k-laser radiation 
line. 

This value of flo was then used to estimate the total 
number of particles participating in the absorption. 

This was done by measuring the linear absorption co
efficients of BCh for various lines of a C(k laser. The 
absorption coefficient for the P 12 line was a = 0.15 em -l 

• torr- 1• The expression for the linear absorption coef
ficient was of the form 

Bn'n 
a= '\1 fL•'(J) 

lic(2J+1)2.(J)Lfi ' 

where 

1 '\1 ·~ 1 2 

21 + 1. ~ fl; ~ 3 fLo · 

for the Q branch of the vibration-rotation transitions; 
n is the concentration of the particles participating in 
the absorption; and ~WL is the width of the absorption 
line which can be regarded as the Doppler width right 
up to pressures of the order of a few torr. Hence, it 
was found that n/N = 10-2. This ratio could be estimated 
roughly by assuming that the distribution of the parti
cles over the rotational sublevels of the ground vibra
tional state was of the Boltzmann type. This procedure 
yielded n/N = 5 x 10-4 at T = 300 o K on the assumption 
that the rotational constant was B =0.10.( 9 J The differ
ence between the theoretical and the experimental esti
mates indicated that there were several vibration-rota
tion lines within the Doppler width. 

3. Thus, an experimental investigation of the propa
gation of C(k-laser radiation pulses in gaseous boron 
trichloride made it possible to determine the influence 
of degeneracy on the self-induced transparency effect 
and to find the range of durations and intensities of the 
pulses which behaved similarly to the 1f pulses in a non
degenerate two-level system. This made it possible to 
estimate the time constant T2, the maximum transition 
matrix element flo• and the number of particles partic
ipating in the absorption. 

The authors are grateful to A. M. Prokhorov for his 
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1 N. A. Kurnit, I. D. Abella, and S. R. Hartmann, 
Phys. Rev. Lett. 13, 567 (1964). 

2 S. L. McCall and E. L. Hahn, Phys. Rev. 183, 457 
( 1969). 

3 E. L. Hahn, Phys. Rev. 80, 580 (1950). 
4 C. K. N. Patel and R. E, Slusher, Phys. Rev. Lett. 

19, 1019 (1967}; 20, 1087 (1968}. 
5 N. V. Karlov, G. P. Kuz'min, Yu. N. Petrov, and 

A.M. Prokhorov, ZhETF Pis. Red. 7, 174 (1968} (JETP 
Lett. 7, 134 (1968}]. 

6 N. V. Karlov, Yu. N. Petrov, and 0. M. Stel'makh, 
ZhETF Pis. Red. 8, 363 (1968) (JETP Lett. 8, 224 
(1968}]. 

7 C. K. Rhodes, A. Szoke, and A. Javan, Phys. Rev. 
Lett. 21, 1151 (1968); C. K. Rhodes and A. Szoke, Phys. 
Rev. 184, 25 ( 1969}. 

8 N. V. Karlov, G. P. Kuz'min, A. M. Prokhorov, and 
V.I. Shemyakin, Zh. Eksp. Teor. Fiz. 54, 1318 (1968} 
(Sov. Phys.-JETP 2'7, 704 (1968}]. 

9 H. A. Levy and L. 0. Blockway, J. Amer. Chern. 
Soc. 59, 1662 (1937). 

Translated by A. Tybulewicz 
184 


