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Abstract

A damped osci;lation has been observed on the
ocutput power of infrared CO? and N,Q lasers folliowing a
stepwise modulation of inﬁracavity saturable absorber.. The
freqﬁency of the oscillation 1s high (V100 KHz) for high

laser power and 1s lowered when the power is lowered towards

the passive Q-switching pegion. The damping of oscillation

also chéngéé_wiéﬁ the power and approaches to infinity at
Q-switch. When the saturable absorber is modulated cﬁ with
frequéncy of 10-100 KHz, a forced modulation of the laser
rower is realized. Using this resonant modulatlon frequency
in many intracavity expefiments greatly increases the"

sensitivity of detection.



The output power of a laser is amplitude modulated
when a modulation 1s applied to the gain'ofAthe amplifying
medium'or to the logs inslde the cavity, as.for instance a
‘saturable absérber;' if the modulation frequency -is slow,Athe
“laser 1s able to follow adiabatically'the éxcitation,-and a
large modulation of the laser output can be realized. Af
higher modulation ffequencies the 1aéer damping and fthe
reléxation_pfocesses in the amplifying and absorbing media
limiﬁ the modulation‘in“the laser oﬁtput pdwer._ The.éc
response of a laser has been firstly investigated expefimentally,
in absence of saturable absorber, for modulatlon of the cavity
iqsses_and‘of thé excitation density in the amplifying medium
recently the investigation of ﬁhe ac response:has been applied.
to detefmine'the vibrational energy transfer in a CO2 laser(z).
The ac fesponse for modulation of the excitatilion density in an
intracavify saturable absorbér'has been experimentally examined
for sloﬁ modulation frequeney, in the adiabatically folliowing
regime(3)w WHen the adiabatic following i1s not realized,
relaxation oscillations of the laser occur: for instance the
‘well known passive Q-swiltching is determined by the relaxation
mechanisms in the absorber(u_B). |
| In the infrared-radiofrequency double-resonance

(7)

experiments inside the laser cavity a radiofreqﬁency field,
modulated on-off, is applied to the sample, a saturable absorber.

Because of the radilofrequency tranSitidns'in'the sample the‘laser

(1),
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output is decreased and the ac component at the modulation
frequency in the laser power gives the double-resonahce signal.
The signal amplitude depends on the ac response of‘the laser
~_and for the 10-30 KHz modulation frequency applied in the
experiment the relaxation behaviour of the laser is involved.

We have experienced that a large increase in the signal is
realized if a particular value, dependent on the_operating

point of the lasef,.is'chosen‘for the modulation frequency.

A damped oscillation at this "resonant" frequency is observed
when the intracavity absorption is changed by a step functiongB).
The laser éc response ié typical of. a systEm in forced oscillations,
.with a‘méximum in the response when the modulation freguency
coihéiaes with the resonance frequency of the system. Thus we
*have investigated the ac response of CO, and N,0 lasers. This
study is of relevance not only for any intracavity absorption
experiments where a modulation and phase sensitive detection

are uged, but also for a comparison with the resuits Qf theories
df‘a.gas laser containing an infracavity saturable absorber.(g)

We. have observed the transiént beha&iour of €O, and N,O
lasers following a Tast stepwise chahge in the intracavity‘absorber.
The laser power output was monitqred by a PbSnTe IR detector when
a sguare-wave modulation was applied to the absorbing sample. To
realize this modulationra-radiofrequency fileld, in resonance with
a hyperfine transition of the sample, was switched on-off, thus |
changing the number of molecules affecting the laser output, or an

electric field producing a Stark splitting of the absorber infrared



transitions, was modulated in intensity. Figure 1 shows the
behavlour obsefved in a COz seaiednoff laser, oscillating on
the 9 3 um R(16) 11ne when a pulsed. electrlc field was applied
to a CF,I sample absorblng on the R(T,E) v1+07tran51tlon.(lo)
.The 1ow—damping modulation of the power output is typical of

the laser operation near t he threshold., The moduiation frequency

and the damping time depends on the operating point of the laser.

At higher laser power, far from the threshold,'the modulaﬁion
period and the damping time_become shorter., This behaviour is
observed in Figure 2 for a CO, fiowlng laser osciileting on the
10.7 pwm P(32) line,. when a modulated radiofrequency field at

164.2 MUz is applied to a CH3i sample. This radiofrequency field
_-is in resonance with'F'==29/21F” =27/2 hyperfine component in the

(11) The

excited state of I’_R(ZL5,5) v5+O infrared transition.
recorded transient shows also the change in the steady.state 1eser
power produced by the double resonance phencmenon. The transilent
decay of N O laser has a similar behav1our but the damplng time is
shorter than 1n the COz laser. In fact because of the presence of
the permanent dlpole moment, the relaxation time in the N,0 laser is
shorter than that in CO .. |

In a theoretical model fer gas 1esers with or without a
saturable 1ntracav1ty abscrber a phenomenologlcal descrlptlon is
introduced for the relaxation processes in the ampllifying and
-absorbing cells.(g) Thus the cross-relaxation mechanisms between

‘the set of levels in rescnance with the laser rediation and the

other levels are neglected, 'In that model the time evolution of



'Lbe laser intensity is governed by the equation

Q?
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with v and Q the frequency and the quality factor of the laser.

The .gain function H(I) is defined as
abs -
H(I) = wg™™P (A T)-Mg"  (A}I)-1 (2)

‘where ¥ and ¥ are ‘the pumping rates in the ampiifying and

8MP 35 the gain in the amplifying

.absorbing.média respeotively; 14
medium, gabs is the loss in the séturable absorber and different
detuning paraméters'ﬂ-and Al have been introduced for the
~amplifier and absorber. ‘The steady state 1s reached when the

right-hand side of eq (1) vanishes and the steady state intensity

IO 1s determined by the equation
CH(Ig) =0 | . (3)

At é'low frequency modulation,_in.the adiababic fegion, the
laser follows the modﬁlaﬁion frequency and the instantaneous
intensity can be derived by Eg (3). The modulation in the

laser intensity because of-the modulation of fthe pump rate of the‘

absorbing medlum is given by Salonmaa and Stenholm(g) asg

., . ,amp : abs pley-1
AL _ gdbS(A;I)[N g (8,1)_,, 28 a% ,I)} ()

Q>

In this'expreSSion the change in the laser frequency because

of the modulation in the saturable absorber has been neglected.



T

By decreaping the lasef pump N or increasisg the sample
_absorption M,.the threshold conditioﬁ is approached. In %these
conditions the denominator.of Eq (4) becomes small and the ac
response increasest However for a laser-near threshold the
timerresbonse'becomes slow and the adiabatidity condition is
" not satisfied. A ‘small deviation from" the steady state value
io decays with a’rate v/Q(aI) IO. From the analysis of ref

. I=I4
(9) it turns out that (Qﬂ) 1s a finite function converging

91

to zero for the laser apprgaihlng the threshold. Thus nesr'
threshqld, at a low intensity Io,the time constant df the
_apprbach'to the steady state becomes very long. This phenomenon
is typical of the criticél slowing down of the reiaxation constants
for a second-order phase transition as the one.occurring'for a
laser at threshold.

At high modulation freqsency the ac response of a
laser depends also on the cross—relaxatlons The cross-relaxations
between the rovibrational levels of the amplifylng and absorblng

(4-6)

media determlne ‘the passlve Q- sw;tchlng in CO, lasers The
set. of equat;ons descrlblng the laser and the populatlon
:distfibution hQVe-been-solved humerieally by the comsuter.

_ From thst sdiutionlwe.see:that.intthe_absence of Q-switching
-the tran51ent decay towards fhe steady state presents damped

(6)

'os0111atlons The period and damping tlme of” these oscillations
depend on the molecular cross-relaxation rates, but the dependence

on the iaser operating polnt has not been investigatedL However'



the-slowing—dowﬁ'presented before should affedﬁ the laser
‘behavibur near'threshold even when the croés—relaxations
are intfoduced.

Wé have measﬁred the oscillation frequency and the
damping time of the transient decay in a COZ 1aser'as function
of the ;aser éutput power and summarized the fesults in
Figure 3. The tfansient signal‘has been_bbserved by applying
a Stark field square-wave modulation to a CH,I samﬁle
irradiated b& the 10.7 um P(32) laser line. The average laser
power-was'measured with a.power meter. The data shown
in the figure have been obtained by changing the gas
flowing in the laser tube; a similar'behaviour has beeﬁ
observed when the diaheter of an iris inside the laser cavity
was modifled. Passive Q-switching action occcurred when the
lager power ocutput was beiow 90'mWatts and the Q4switching
pulse repetition period has been measured in this regioh. The
ﬁodulation period becomes longer as the laser power 1s reduced
and thiS'dependénce-coﬁtinqés smoothly in the pulse péfiod of

the Q-switching region. It has been pointed ‘out in the past(B)



that the Q-swifching”pulae period decreases with the laser
cutput because the recovery time needed for the laser to
reach th:eshold condiﬁion is shorter when the laser gain is
increased. 'The same behaviour occursg for the moduiation.
~ period because at,highef_gain the recovery force pulling the
laser towards the steady state value is iarger. The square
pOints in the figure show‘the behaviour of the oséillatidn
damping time vefsué therlaser power., As the laser power is
reduced, the damping time bécpmes Very long and approacning
infinity.wheh the Q-switching region is reached. All
this behaviour is well described by the slowing down of the
laser relaxatlon rates when the transition pqint isg approaﬁhed.
| In order to see the evidence for the infiuenﬁé of the
laser transients on the. intracavity expefiment signal, we
have measured the modulation amplitude observed on the laser
output when a modulatioﬁ of constant amplitude and aﬁ different
frequencies was épplied to_ﬁhe intracavity absorber. A BOV/ém
square wave Stark mcedulation on a CHQI sample and
ﬁhe gsame laser line as for the results in Filg. 3 was used. The
lager modulation was amplified by a broad-band amplifier and
measured by an ac voltmetef.r FigS,;éé and 4b present the
“ac response forﬁlasef oﬁerating neaerQSWipching region and
ifar'from it réSpectiVely. ‘The-sigﬁal Outﬁut,beoomes largef
.when:%he modﬂiationlfrequenéy is equal to the 'resonance

frequency of the laser modulation, or to odd subhérmonics of it.



The resonaﬁce frequency of the laser becomesrlower when

the laser power is lowered, as obtalned in the Flg 3.

“The linewidth of the resonance curves depends on the damplng
'time of the laser and-the_curves are narrower and higher
near threehold-where the modulation of the laser power lasts
for a longer time.. 1t appears,in_Fig. llthet a different
modulaticn ampiitude of theilaser is_obtained when the Stark
field is. switched on and off. This beha&iour 1s connected te
the creation of a forced modulation on the laser power when
near the @Q-switching region tﬁe modulation frequency is g
subharmonic of the laser resonance frequency.

Because of the laser nen-linearity, a large modulation
of the laser power arised when the modulation frequenc& f of
the absorber 1s a subharmenic of the laser reeonance freduency.
Thus for the conditions shown 1in the figure a lock-in
~detection at (2n+l)f is efficient for deﬁeeting an ihtracavity
signal, while a 2f detection does not yield a large signal.
Stfong signals are deteeted at 2f when an electric field
symmetrical to zmero value or when the laser modulation is

(12)

due to the transient nutation. However these resonances
are due to:e property of molecules with reseect-to modulation
rather than that of the laser,

_The'infnared—radiofrequency double-resconance experiments
inside the laser cavity have a very high eensitivity because a
non-thermal distribution over the radlofrequency levels is created
by the laser pumplng and because infrared radiation 1is detected
(7,11) |

rather than radiofrequency radiation A large increase



in thé signai.is provided also by the non-linearity of the
‘iasér. In operating near threshold where‘the rigﬁt4hand

side of Eq. (4) is large, the radiofrequency absorption of.the
sample has large_influence oﬁ ihe-laser oﬁtput. When the.
double-resonance absofptioﬁ is amplitude modulated étithe
frequency eQual to the.resonant frequency of the iaser, tﬁe
signal is.muéh increased by the forced resonant médulation
oscilllations. From'fhe exberiméntal results of Figure 4, this
last increase in signal is approximatively 50 times for a lasef

bperating near threshold and 16 times at high laser power.

A complete theoretical analysis of the observed
behaviour for a laser near passive Q-switching reglon requires
the solution of the cou?led equations for the laser and the
absorbing and amplifying mediap From the point of view of
_apﬁlication in'the.intracavity experiments, a large increase in
" the signal-to-hoise ratio is realized 1f the modulation frequency
is chosen at the laser resonance which depends on the operating
polint.

We are very grateful to Dr. Takeshi Oka for his’

encouragement during this work.



Figure Captions

Figure 1. Transxent behav1our observed on a €O laser
oscillating near threshold, when a 20 Volt/cm Stark
modulation at b.8 KHz (lower trace) was applied to
a 9 mTorr sample of CF3;I. The laser line was 9.3 um
R(16). |

7 Figure 2. Transieno decay observed in an IR-RF douolé reoonance
experiment with the 10.7 upm P(32) CO, laser line.

The M.5 watts RF power at 16&.2 MHz was switched
on-off at 5KHz and a 15 mTorr CH;L sample was the
intraoavity absorher.

Figure 3. Period of_thé laoer intensity modulation (dot pointé‘
and left scale) and domping time (squares . and right
scale) versus laser power output, for Stark modulation
of 12 mTorr CH,I sample irradiated by the 10.7 wm P(32)
COzrlasér iine  The laser power was vdried by
ohanglng the laser gas pressure and pa881ve Q sw1toh1ng
occurred when the average laser power output was below §0 mw

Figure 4. Amplitude of the P(32) CO, laser power modulation:
versus the modulation frequency of a 30V/cm Stark field
‘applied to a 22 mTorr CH,I sample. Upper record at
120 mw output power, lower one at 165 mW; passive'

.Q switching occurred at l18 m . The vertical scale

'_ was expanded 3.3 times. in the lower record
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