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Abstract. An undamped undulation superposed on the pulse tail of the passive Q-switching 
is observed using HCOOH gas as a saturable absorber. The pulse shapes with the 
undulation are nicely reproduced through the rate-equation analysis in which the laser gain 
medium is described as a three-level system. Good agreements between the observation and 
the calculation are also obtained in the dependence of the period and the width of passive 
Q-switching pulse on laser parameters. The mechanism of the undulation is interpreted as 
the relaxation oscillation attributed to the relaxation from the lower laser level. The 
collisional rate constant of HCOOH molecule is also obtained. 

PACS: 42.55, 42.65 

A transient behavior in the gas laser oscillation has not 
been fully understood yet and there still remain several 
interesting problems to be solved. A detailed analysis 
of the process may also open a way to study dynamic 
properties of molecules. 
A saturable absorber within the laser cavity causes 
repetitive spontaneous pulsation in the laser output. 
Since the passive Q-switching (P.Q.S.) in a CO2 laser 
was first observed by Wood and Schwarz [1], the pulse 
shape and the repetition rate have been extensively 
studied by a number of authors using saturable 
absorbers such as CH3C1, CH3F, SF6, BC13, CH3OH , 
and so on [2-17]. 
The P.Q.S. pulse was observed with a sharp spike 
followed by a tail which decayed exponentially until 
the laser stopped oscillating. Burak et al. reproduced 
the pulse shape by numerical integration of the rate 
equations based on the dual four-level model both in 
the laser medium and the absorber [9]. In the four- 
level system, both the initial and the final states of the 
infrared transition were independently coupled to a 
"rotational level bath" in each vibrational state. 
Kreiner pointed out that the wiggles were observed 
before the cutoff of the P.Q.S. pulse [13]. Dupr6 et al. 
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observed the pulse shape with two peaks at the 
beginning and ending parts of the P.Q.S. pulse and 
reproduced it through the numerical solution of the 
rate equations in the dual four-level model [11]. ~olaji6 
and Heppner observed an oscillatory behaviour in the 
output of an ir-fir hybrid laser [18]. Recently Arim- 
ondo and Menchi reported that they found an un- 
damped undulation nearly over the full tail of the 
P.Q.S. pulse with SF 6 [17]. However, the mechanism 
which causes the undulation was not fully 
understood. 
We used HCOOH as a saturable absorber and ob- 
served the oscillatory behaviour on the tail of P.Q.S. 
pulse. In the present case, the undulation is much more 
prominent than those ever observed [13, 17, 18]. 
In this paper, we propose based on the results reported 
in [19, 20] that the undamped undulation on the 
P.Q.S. pulse is caused by the relaxation oscillation in 
the pulsed regime under the influence of the saturable 
absorber. Ueda and Shimizu (F.O.) reported that a 
relaxation oscillation was observed in the output of a 
10.6 gm CO2 laser in the afterglow region of the pulsed 
discharge [19]. This relaxation oscillation occurs in 
the competition between the rate of induced emission 
from the upper laser level and the rate of relaxation 
from the lower laser level. Shimoda observed the 
undamped relaxation oscillation in the output of the 
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ruby laser and gave a successful theoretical explana- 
tion on this effect considering the saturation effects on 
the loss inside the gain medium [20]. 
We have employed the three-level, two-level model in 
which the laser gain medium and the absorbing gas are 
described as a three-level system and a two-level 
system, respectively, and succeeded in systematic re- 
production of the pulse shape with the undulation for 
the first time. 

1. Experimental Setup and Procedure 

A schematic diagram of the experimental setup is 
shown in Fig. 1. The water-cooled laser discharge tube 
is 210 em long and has a 15 mm inner diameter. The 
intra-cavity cell is 35 cm long. The length of the laser 
cavity is 350 cm. A concave mirror with a radius of 5 m 
and the grating (75 lines/ram) are located at the ends of 
the laser cavity. Two irises in the cavity make the laser 
oscillate on a TEMoo mode. The monochromator is 
employed to select a single laser line. The laser output 
is detected by a fast infrared detector (SAT A1), and the 
signal is introduced into a signal analyzer (IWATSU 
S M-2100A). The overall response time of the detecting 
system is 50 ns. 
The laser gain tube is filled with a gas mixture of CO2, 
N2, and He (1 : 1 : 8). The total pressure in the gain tube 
is 8 Torr. 
Among a number of frequency coincidences between 
the laser lines and the absorptive transitions of mole- 
cules, we found the favorable combination of the CO2 
laser 9 ~tm R(20) line with the infrared transition v6; 
33o.33"--34o.34 of HCOOH for a study of the transient 
behavior of the laser oscillation. The absorption line is 
fairly strong and the frequency is 27 MHz higher than 
the laser frequency [21]. The transient oscillation is 
critically dependent on the laser parameters and a 
clear-cut undulation superposed on the P.Q.S. pulse is 
observed under feasible experimental conditions of the 
laser parameters. 
In the experiment, the characteristics of P.Q.S. are 
investigated as functions of the discharge current in the 
gain tube and the partial pressure of He gas in the 
absorption cell (Pno)- The He gas is added to vary the 
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Fig. 1. Schematic diagram of experimental setup 
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relaxation rates of the relevant energy levels of 
HCOOH. 

2. Experimental Results 

The pulse shapes observed at several values of the 
discharge current are shown in Fig. 2a-d. The pressure 
of HCOOH is 77 mTorr. The pulse shows only the first 
spike when the discharge current is small. As the 
current is increased, the number of peaks of the 
undulation increases one by one, and the pulse tail 
becomes longer. When the current is increased further, 
the pulses in the P.Q.S. mode link each other, and then 
the laser oscillates in the cw mode. Figure 3 shows the 
period of the repeated P.Q.S. pulses as a function of the 
discharge current. The period has a minimum value, 
and this is consistent with the result of Arimondo and 
Menchi [17]. Figure 4 shows the change of the pulse 
width with the discharge current. The pulse width 
becomes larger monotonously with the increase of the 
current. 
Figure 5 a-e show the pulse shapes for several values of 
Pne, while the partial pressure of HCOOH is kept at 
60 mTorr. The discharge current is 5 mA. The pulse 
width and then the number of peaks are critically 
dependent on Pne. Both decrease as PHe increases until 
the P.Q.S. pulse becomes a single spike at around 
Pno = 300 reTort. As shown in Fig. 6, the pulse period 
also drastically decreases with the increase of PH~ up to 
100 mTorr, but remains almost constant at more than 
300 mTorr. 
As clearly seen in Figs. 2d or 5a, the amplitude of the 
undulation on the pulse tail decays in the beginning 
part of the pulse tail, remains almost constant (un- 
damped undulation region), and then grows at the end 
of the pulse tail. The period of the undulation (the time 
interval between successive peaks) changes in a single 
pulse. The period in the ending part of the pulse 
(~ 24 gs) is about three times longer than that in the 
beginning part of the pulse (~  8 gs). However the 
undulation period does not depend so much (up to 
150%) on the discharge current and the He partial 
pressure. 
The physical interpretation of the characteristic de- 
pendence of the pulse width and the pulse period on 
the discharge current and the partial pressure of He 
shown in Figs. 3, 4, and 6 can be given as follows. The 
rate of time variation in the gain (the population 
inversion in the laser medium) is determined by the 
difference between the induced emission rate and the 
pumping rate, and that in the loss (the sum of the cavity 
loss and the absorption loss by molecules) by the 
difference between the absorption rate and the relax- 
ation rate. The laser starts oscillating when the gain 
overcomes the loss by a certain amount and stops 
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Fig. 2a-d. Observed (a~t) and calculated (a'~cl') passive Q-switching pulse shapes as functions of the discharge current and the pumping 
rate, respectively 

oscillating when the loss overcomes the gain 
sufficiently. 
As the discharge current (the pumping rate) is in- 
creased, the pulse width becomes longer because the 
gain increases faster and the loss overcomes the gain 
later (Fig. 4). On the other hand, the recovery time 
between the cutoff and the onset of the laser oscillation 
becomes shorter because of the faster pumping. Thus 
the pulse period (the pulse width + the recovery time) 
has a minimum value as a function of the discharge 
current (Fig. 3). 

As the He partial pressure is increased and the 
collisional relaxation rate of the absorbing molecules 
becomes faster, the loss overcomes the gain earlier and 
the pulse width decreases. The recovery time remains 
constant when the pumping rate is fixed. Therefore the 
pulse period decreases in the low-pressure region. In 
the high-pressure region where the P.Q.S. pulse has 
only the first spike, the P.Q.S. period is determined 
only by the recovery time in the laser medium and is 
independent of the He pressure in the absorption cell 
(Fig. 6). 
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Fig. 3. Observed (represented by the dots) and calculated 
(represented by the solid line)dependence of the pulse period on 
the discharge current (the pumping rate). An empirical formula 
P--Pah= C(i--ith) 1/3 is used so that the calculated curve can be 
fitted to the observation, where C = 6.78 kHz mA- 1/3. The dotted 
lines represent the boundary between no lasing mode and P.Q.S. 
mode and that between P.Q.S. mode and cw mode 

The details of the pulse shape as well as the superposed 
undulation can not be discussed by the qualitative 
interpretation stated above. In the next section, it is 
shown that the numerical solution of the rate equa- 
tions on the three-level, two-level model well repro- 
duces the P.Q.S. pulse with the undulation. 

3. Rate Equation Analysis and Discussion 

A schematic diagram of the three-level-two-level 
model employed in the present analysis is shown in 
Fig. 7. The rate equations on the model are written as, 

dn/dt = Bgn(M1 - M2) l o / L -  B . n g l . / L  + A M I  - kn ,(1) 

dMo/dt  = R20M 2 + R, oM1 -- (P + Ro2 ) M o ,  (2) 

d M  1~dr = - Bon (M1 - -  M 2 )  qt_ P Mo + R21 M2 

- ( R ~ o + R l z )  M t ,  (3) 

dMz/d t  = Bon (M1 - M2) + R12M1 + Ro2M0 

-(R21 +R2o) M2, (4) 

dN/d t  = - 2B, n N -  r ( g -  g * )  , (5) 
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Fig.4. Observed (represented by the dots) and calculated 
(represented by the solid line) dependence of the pulse width on 
the discharge current (the pumping rate) 

where n is the photon density in the lasing mode, M1 
and M2 are the population densities in the upper 
(0 0 1) and lower (0 2 0) laser levels, respectively. The 
population density in all other levels [mostly in the 
ground level (0 0 0)] is denoted by Mo, and N is the 
difference of population density between the lower 
level and the upper level of the absorbing molecule. 
The coefficients B o and B. are the cross sections 
multiplied by the light velocity c for the induced 
emission in the gain medium and the absorption in the 
absorbing medium, respectively. They are given by 

B= 2~#2co (6) 
3eohAco ' 

where # is the transition dipole matrix element, co the 
laser frequency, and Aco the Doppler halfwidth. The 
length of the laser cavity, the gain tube, and the 
absorption cell are denoted by L, Ig, and la, respec- 
tively. The spontaneous emission rate of the upper 
laser level is represented by A, the cavity loss rate by k, 
and the pumping rate by P. The relaxation rate from 
the i level to thej level in the laser medium is written as 
R~, and r is the collisional relaxation rate in the 
absorbing gas. The thermal equilibrium value of N is 
denoted by N*. The rate of spontaneous emission from 
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Fig. 7. Model of the gain medium and the absorbing medium 
employed in the rate equation analysis 

Table 1. Values of the parameters used in the calculation 

In Fig. 2a ' -d '  In Fig. 5a '-e '  

R10 6.00 x 10 z Hz 6.00 x 102 Hz 
R2o 4.00 x 105 Hz 4.00 x l0 s Hz 
R12 1.00 x 10 Hz 1.00 x 10 Hz 
P Varied 2.50 x 104 Hz 
r 7.35 x 105 Hz Varied 
k 2.00 x 106 Hz 2.00 • 10 6 Hz 
BgM*Ig/L( - G) Varied 1.65 x 107 Hz 
B.N*lo/L 1.03 x 107 Hz 8.00 • 10 6 Hz 
B./Bo 36.0 36.0 

the upper laser level in (3) and (4), and that from the 
upper absorber level in (1) and (5) are neglected. 
The set of the rate equations is numerically integrated 
by the Euler method. One step of integration is 1 ns 
and short enough compared with the time constants 
involved in the equations. 
The calculated pulse shapes are shown in Fig. 2a'-d' 
together with the corresponding observed pulses (a-d) 
for several values of the discharge current. Agreements 
in apparent pulse shapes between observation and 
calculation are very good. The calculation well repro- 
duces even detailed behaviour of the undulation on 
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Fig. 8. Relation between the He partial pressure and the 
collisional relaxation rate against He obtained from the 
correspondences between the observed and calculated pulse 
shapes in Fig. 5 

the P.Q.S. pulse. The period is well defined in the 
middle part of the pulse where the undulation ampli- 
tude stays constant, while the period of undulation 
becomes longer at the end of the pulse tail (Fig. 2d and 
d3. The calculation is carried out using different sets of 
P and BoM*Io /L( -G  ) parameters shown in the 
figure, where M* is the equilibrium value of M1 in the 
absence of the laser radiation. The value of M* is 
assumed to be proportional to P. Other parameters 
are fixed to the values in Table 1. 
The observed dependence of the period of pulses and 
the pulse width on the discharge current as well as the 
calculated dependence (solid line) on the pumping 
rate is shown in Figs. 3 and 4, respectively. The 
relation of the pumping rate P to the discharge current 
i is not well known. However the calculated curves can 
be fitted to the observation fairly well if an empirical 
formula, 

P -  P,h = C ( i -  ith) 1/3 (7) 

is introduced, where Pth and ith are the threshold values 
and C=6.78 kHz mA -1/3. 
The pulse shapes calculated as a function of the 
relaxation rate constant r are shown in Fig. 5 a'-e'. The 
calculation very well reproduces the observed pulse 
shapes with the undulation. The relaxation rates used 
in the calculation are shown in the figure, and other 
fixed parameters appear in Table 1. As shown in Fig. 6, 
a good agreement between the calculation (solid line) 
and the observation is obtained for the dependence of 
the pulse period on the partial pressure of He. The 
relation between the partial pressure of He and the 
collisional relaxation rate against He is obtained from 
the correspondences between the calculated and ob- 
served pulse shapes, and shown in Fig. 8. The coW- 
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sional relaxation rate constant of H C O O H  against 
He (foreign gas broadening parameter) is determined 
to be 3.8 MHz Torr-2. 
Cheo reported that the rate of excitation transfer from 
N 2 (v=  1) to CO2 (0 0 1) was 1.9 x 104 Torr -1 s -z, 
Raoo_ooo=385 Torr 1 s-1 (against CO2) , 
Rozo - o 1 o = 4.7 x 103 Torr - 1 s-  1 (against He), and the 
fluorescence rate from the (0 0 1) level was 350 Hz 
[22]. Using these rate constants, the values of para- 
meters to be used in the present analysis are calculated 
to be P = 15 kHz (if most o f N  2 are excited to the v = 1 
level), Rio = 0.66 kHz, and R2o = 30 kHz. The values of 
P and Rio reasonably agree with those in Table 1, 
however R2o shows a large discrepancy. Cheo assumed 
that the (0 20 0) and the (1 00 0) levels decayed with 
the same relaxation rate because they were mixed by 
the Fermi resonance. However, DeTemple et al. re- 
ported the different decay constants in the observation 

of the pulsed oscillation between the 9.6 gm laser and 
the 10.6 gm laser [23]. Recently Ueda and Shimizu 
(F.O.) reported that the relaxation rate from the lower 
level of the 9.6 gm laser was much faster than that of 
the 10.6 gm laser which corresponded to the value 
proposed by Cheo [19]. The value of R2o used in the 
present calculation is consistent with the idea of 
detailed discussion of the process. The value of R~2 is 
estimated from Rio comparing the calculated 
Z-number of the (0 0 ~ 1 ) -  (0 2 o 0) process with that 
of the relaxation processes from the (0 0 ~ 1) level to all 
other levels [22]. The relaxation rates R21 and Ro2 are 
negligibly small and fixed to 0. The collisional relax- 
ation rate constant of H C O O H  is assumed to be 
9.5 MHz Torr-1. This value reasonably agrees with 
the results of Minowa et al. [24]. The cavity loss rate k 
is estimated from reflectance of the mirror and the 
grating. The value of BaN* l~/L is calculated assuming 
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that the transition dipole matrix element of the absorp- 
tive line is 0.1 D. The values of the linear gain rate 
BoM*IJL  ( -  G) which appear in Fig. 2a ' -d '  and the 
second column of Table 1 (13.2~19.6MHz) are 
reasonable compared with the sum of the linear 
absorption loss rate BaN* l,/L (10.3 or 8.0 MHz) and the 
cavity loss rate (2.0 MHz). The ratio B J B  o is evaluated 
assuming that the transition dipole matrix element of 
the relevant transition of C O / i s  0.017 D. 
The relaxation oscillation in the output of the 10.6 gm 
laser observed by Ueda and Shimizu (F.O.) is caused in 
the balance between the induced emission and the 
relaxation of the lower laser level [19]. The relaxation 
of the lower level increases the population inversion. 
Therefore, it plays the same role as pumping. They 
could not observe the relaxation oscillation in the 
9.6 gm laser because the relaxation rate was so fast that 
the laser oscillation terminated in a single pulse. 
However if the cw pumping is present, it can take place 
also in the 9.6 gm laser. Shimoda reported that the 
output of the ruby laser showed the undamped relax- 
ation oscillation due to the saturable absorber in the 
laser medium [20]. The absorption coefficient is large 
for the weak electric field and small for the strong 
electric field in a saturable absorber. Thus a saturable 
absorber within a laser cavity can amplify the variation 
of the laser intensity. 
Figure 9 shows the transient behavior of n, Mo, M1, 
M2 and N in calculation. The lower laser level plays an 
important  role to produce the undulation. We propose 
the mechanism of the undamped undulation on the 
P.Q.S. pulse tail as follows. The undulation is the 
relaxation oscillation caused in the balance between 
the induced emission from the upper laser level and the 
relaxation of the lower laser level. The amplitude of the 
undulation is undamped or even amplified because of 
the presence of the saturation effect in the absorption 
loss. Arimondo et al. observed the transient relaxation 
oscillation in the cw mode right after the loss modu- 
lation by a Stark pulse [14, 15]. They claimed that the 
relaxation oscillation turned into the P.Q.S. pulse 
when the excitation was reduced. The period of the 
relaxation oscillation smoothly extended into that of 
the P.Q.S. pulse [14, 15, 17]. That relaxation oscilla- 
tion obviously occurred in the balance between the 
pumping and the induced emission. On the other hand 
the relaxation oscillation in the present experiment is 
observed being superposed on the P.Q.S. pulse and 
caused by the relaxation of the lower laser level. 

4. Summary 

The clear-cut signals of the P.Q.S. pulse with the 
undamped undulation observed in the output of a CO2 
9.6 gm laser using H C O O H  as a saturable absorber 

have allowed us to analyze the characteristics of the 
transient laser oscillation quantitatively. It is found 
that the simple model of the laser system (Fig. 7) is 
good enough to explain the complicated transient 
behavior of the laser pulse. The numerical solution of 
the rate equations very well reproduces the detailed 
structures of the pulse shape with the undulation and 
the dependence of the pulse period and the pulse 
width on laser parameters. The mechanism of the 
undamped undulation has been understood as the 
relaxation oscillation caused in the balance between 
the induced emission and the relaxation of the lower 
laser level. The collisional relaxation rate constant of 
H C O O H  against He is also determined. 
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