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Dependence of transient dynamics in a class-C laser upon variation of inversion with time
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The transient statistics of a gain-switched coherently pumped class-C laser displays a linear correlation
between the first passage time and subsequent peak intensity. Measurements are reported showing a positive or
negative sign of this linear correlation, controlled through the switching time and the laser detuning. Further
measurements of the small-signal laser gain combined with calculations involving a three-level laser model
indicate that this sign fundamentally depends upon the way the laser inversion varies during the gain switching,
despite the added dynamics of the laser polarization in the class-C[184660-294{®7)07112-6

PACS numbsg(s): 42.55.Ah, 42.50.Lc, 42.60.Mi, 42.60.Rn

INTRODUCTION results in either an earlier FPT and larger peak intensity
when the gain is larger than average or conversely a longer
There has been extensive study of the statistical nature &fPT and smaller peak intensity when the gain is smaller.
transient dynamics of a laser that result from controlledThis results in a negative correlation.
changes in laser parameté¢is-4|. In most studies, the para- In this paper we report experimental observations of fluc-
metric changes involve increasing the laser pumgigain  tuations in the FPT of a class-C laser when the laser is gain
switching or losses Q switching over time scales that are switched. This is novel on two counts. First, the laser gain in
either fast or slow compared to the response time of théhe class-C laser is determined by the polarization and not
particular systenii5,6]. The time taken for the laser intensity simply by the inversion, as in classes A and B, for which the
to build up to a macroscopically observable level after apolarization relaxation is fast compared to the inversion. It is
parameter switch is referred to as the first passage time, @onceivable, therefore, that the linear correlation mecha-
FPT. The statistical fluctuations observed in the transient dynisms discussed above are complicated by the polarization.
namics of lasers for repeated sweeps of the control paramet&econd, although the laser is solely gain switched we ob-
have been identified as macroscopic fluctuations resultingerve both positive and negative linear correlation between
from quantum nois¢7-10]. Specifically, statistical fluctua- the FPT and the subsequent peak intensity. This is in contrast
tions are observed in the FPT and these reflect the quantutn the generalized behavior reported &, wherein gain and
statistics in laser variables such as the field and populatioloss switching mechanisms are contrasted. We can control
inversion, at the time of parametric switch. the slope of the linear correlation via the laser detuning and
The FPT statistics, such as mean FPT and standard devialso by whether the pump is switched on quickly or swept
tion, are primarily sensitive to statistical events taking placeslowly relative to the time scale of the laser transient dynam-
during the initial linear amplification of the intensity. When ics.
the intensity grows to an observable level, saturation effects The two-level Lorenz-Haken modEl4] (previously used
become significant. This is also referred to as the nonlineato describe the observed dynamics of the laser we use
amplification regime. During this time, the character of the[15,16]) adequately accounts for the observed positive slope
resulting intensity transient response depends on the dynamf the correlation between FPT and subsequent peak inten-
ics of the laser variables as determined by their characteristisity when the pump parameter is slowly swept. In this case,
time scale$11,12. In studies to date, lasers of classes A andthe form of both the small-signal laser polarization and in-
B have been studield,13] wherein the statistics of the FPT version with time is essentially the same as that of the pump
are observed to be correlated to characteristics of the las@ntensity. This is consistent with similar results discussed by
transient. [6] for the class-B laser. With a slow sweep of the pump, the
One such correlation is that between the FPT and th@eak intensity is greater for FPT events that occur later, giv-
subsequent peak intensity obtained. Recent w@khas ing rise to a correlation with positive slope.
clearly demonstrated for the class-B laser that the sign of the For the case of quick switching, both positive and nega-
slope of the linear correlation is determined by the switchingtive slopes are observed for near-resonant and off-resonant
mechanism. If the laser is gain switched, the gain may stiltuning of the laser, respectively. Small-signal gain measure-
be increasing at the time of first passage, depending upon theents for the quickly switched pump demonstrate that the
system relaxation speed and the speed of switching. In sudlorm of the small-signal gain differs significantly from that
a case the peak intensity obtained is therefore greater faf the pump. There is an overshoot in the gain that is con-
longer FPT leading to a positive correlation. In the case ofistent with undamped coherence between the pumping lev-
loss switching, the gain is already present when the losseds. A simplified three-level laser model exhibits this effect
are swept. Fluctuations upon the gain from one switch to thend also shows both positive and negative slopes with near-
next (e.g., due to modulation on the pumping mechanismresonant and off-resonant tuning of the laser, respectively, as
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) . FIG. 2. FPT measurements with slowly swept pump. The pump
FIG. 1. Experimental setufl.: ZnSe Iensesf fO(.:uS the PUMP - power (a) is ramped up slowly with respect to the period of oscil-
beam through the acousto-optic modulat&®OM); M: flat mirror; | 4tions of the laser dynamics at turn-@m. Pump and laser inten-

M’: 2.0 m ROC movable mirror controls the ring laser tuniMf;:  gjty ynits are arbitrary. 15 overlayed traces of both the pump and
beam splitter reflects portion of the pump beam to HgCdTe detecrntensity are depicted. Maximum pump power is 1.0 W. Laser gas
tor; G, : grating couples the C@radiation into the ring resonator pressure is 3Qubar.
(80 lines/mm; WM: wire mesh output couplefs lines per mm
See text.

ing the pump on while the FIR injected signal is present, the

observed experimentally. Ultimately however, the sign of thd"ansient small-signal gain can be measured.
slope is shown to depend primarily upon the variation of the

laser inversion, which in the class-C system can be signifi-
cantly different from the gain. Il. FPT MEASUREMENTS: SLOWLY SWEPT PUMP

Figure 2 shows experimental results of multiple FPT
I. EXPERIMENTAL SETUP events(b) for a repeated slow sweeping of the pufap The
sweep of the pump is referred to as slow compared to the
The laser used in these experiments is the 288+°NH;  relaxation constants of the system, as evidenced by the pe-
far-infrared (FIR) ring laser, which has been described be-riod of the ringing oscillations of the intensity. The mean
fore [15,16]. Figure 1 shows the experimental setup for theppT s approximately 7.5s and the standard deviation of
ring laser transient measurements. An acousto-optic modulggrival times is roughly 0.3:s. It can be seen that there is a
tor (AOM) is used to quickly and repeatedly switch the positive correlation slope between the FPT and the subse-
pump laser beam. The diffracted beam from the AOM isquent peak intensity for the slowly swept pump. This is as
used to pump the FIR ring laser as this allows the pumpxpected since the pump power is increasing even as the
power to be reduced to zero. This ensures that there is Ngeak intensity is achieved. Similar results were obtained by
initial pumping of the laser levels. A portion of the pump Balestriet al.[12] using a class-B, COlaser. In the class-B
beam is reflected from partial reflectit’, to a fast HJCdTe  |aser, the effect can be simply understood with reference to
detector to monitor the form of the pump power with time. the |aser inversion, since only the field and inversion are
Pump radiation is coupled into the ring laser via a ruledrequired to describe the dynamics and the laser gain is
grating G, , with rule spacing designed to specularly reflectequivalent to the inversion. However, in the class-C laser,
the FIR radiation. The frequency of the pump laser is tunedhe |aser gain is represented by the polarization and since the
via a piezomounted output coupling mirror and is monitoredpolarization is not adiabatically eliminated, the dynamics of
using a Lamb Dip cell. The ring laser is tuned mechanicallythe |aser gain are consequently distinct from those of the
via a translatable curved mirror. The intensity of the ringinversion.
laser output is measured using a Schottky-barrier diode. The previously, the laser used in these experiments has been
ZnSe lenses are used to control the divergence and size aﬁalitatively describedand to a lesser degree, quantita-
the pump beam as it couples into the ring laser. These Iensg§e|y) by the Lorenz-Haken two-level laser modé,15.
also position the beam waist at the AOM to minimize loss ofyye yse this model here to gain a qualitative description of
power via diffraction by the AOM aperture. the correlation between the FPT and the subsequent peak

In addition to the ring laser and its respecti\}&:oz intensity for slow sweeping of the pumping parameter in the
pump there is a secondNH; FIR laser with linear resonator ¢jass-C laser.

that is used to make measurements of the single-pass gain
(not shown. For the single-pass gain measurements, the sec-
ond FIR laser signal is injected through the forward emission
port of the ring lasefindicated in Fig. 1 and the wire mesh

is removed. In this configuration, the ring laser effectively The Lorenz-Haken laser equatidril] with an additional
becomes an amplifying or absorbing medium dependingtochastic term in order to simulate spontaneous emission are
upon whether the pump is on or off, respectively. By switch-given by

lll. TWO-LEVEL LASER MODEL



57 DEPENDENCE OF TRANSIENT DYNAMICS IN A ... 561

E=—k(E—P)+&(1),

P=—1v, (P—ED), (3.0 .

D=y/(A+1-D—AEP), a0l ‘ , , ‘ l
@

whereE,P,D correspond to the laser electric field and me-

dium polarization and inversion, andy, ,vy, are the respec-

tive relaxation constantsA is the pump parameter where iy
A =0 is the threshold for lasing. The stochastic tefth) is

a s-correlated Gaussian noise term with zero mean and vari-
ancee. These equations are isomorphic to the equations of
Lorenz[17]:

xX=—o(x—y), S
y=-ytxz, (32 %00 © 5 10 15 20 25 30 3 a0
- 25.0
z=Db(r—2z)—xy,
15.0 |-
with the following correspondences between symbols: S

50

t-t'o/lk, E—ax, P—ay, D-—z

5.0 L I L I I I L
0 5 10 15 20 25 30 35 40

{d) ime (dimensionless)
y=«blo, y.=xlo, A=r—1, a=1Ab(r—1). '
(3.3

FIG. 3. Intensity(b) calculated from Lorenz equations for slow

It is important to note that the Lorenz-Haken equationgncrease of pumga) with time (dimensionless—1 unit in the Lo-
are normalized to the steady-state values of the field, polaf€nz system corresponds togls in the Lorenz-Haken system for
ization, and inversion for a given pump parameter. Consethe choice y, =1 MHz). 10 traces.rpg,=20, e=1.0x10"°.
quently the normalizations change as the pump is varied an@:(d): Lorenz-Haken variableg,z corresponding to small signal
for this reason the isomorphic Lorenz equations are Chose@plarization and inversion, calculated witlk=0 andx=0.001. All
to model the laser dynamics under a slow sweep of the pumy@riables are dimensionless.
parameter. In such a case, the laser intensity is represented
by x? and the Lorenz dimensionless time units correspond teeflector in the real laser cavity. The value of the field is then
real time, as above, vid—t/(o/k)=ty, . In this paper, the set to some small value representing the probe signal. The
value chosen fory, in the Lorenz-Haken model is 1 MHz Lorenz variabley,z then correspond to the small-signal gain
and thus the time scale corresponds to time in units of miand inversion of the system. FiguregBand 3d) show such
croseconds. Other parameters usedarel2 MHz, y, =1 calculations of the small-signal gain and inversion, for the
MHz, y;=2 MHz, corresponding ter=12, b=2. same form of pump with time as in Fig(&.

Figure 3a) shows the variation of pump parameter with  The small-signal variables of polarization and inversion
time chosen to compare with Fig. 2. FigurbBshows the are more instructive for description of the laser intensity
intensity (corresponding toc?) calculated for multiple FPT peaks since the respective nonlinear variables in the full
events clearly showing the direct correlation between théorenz-Haken equations saturate in response to the increas-
FPT and the subsequent peak intensity. This qualitativelyng intensity of the laser. The state of the small-signal vari-
compares well with the experimentally observed FPT tracesables at the time of nonlinear amplification is responsible for
shown in Fig. 2b). The behavior can be simply understood the height of the intensity peak, and hence the variation of
in terms of the small-signal gain and the medium polarizathe small-signal parameters will more clearly show the de-
tion and inversion. pendence of these parameters upon the correlation between

A small-signal gain measurement consists of passing ¢he intensity peak and FPT.
probe field of the same frequency as the laser transition In the figure, since the pump is increased slowly relative
through the medium as it is pumped. The relative increase ito the laser parameters, the polarization and inversion closely
the probe field is the small-signal gain of the active mediumfollow the form of the pump with time. When the intensity in
In the above Lorenz-Haken equations, the source term in thihe laser peaks, the small signal gain and inversion are still
electric field equation is the polarization varialite This is  increasing with the pump. Indeed, the laser intensity exhibits
intuitively as expected, since the medium dipole is ultimatelya ringing oscillation, which is dampened to a quasi-steady-
responsible for radiative additions to the electric field alreadystate level that steadily rises with the pump until the maxi-
present. It is therefore the polarization that is represented in mum value. Clearly then, if spontaneous emission events
small-signal gain measurement. This single-pass probe fieleéad to a relatively short FPT, the small-signal gain and in-
measurement can be modeled by removing the laser fieldersion at the peak of laser intensity is less than that for a
equation, corresponding to the removal of the wire mestPT, which is relatively long. Consequently, the maximum
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FIG. 4. FPT measurements with the pump pov@rquickly turned on(in less than 1us). (b) 15 overlayed traces of the intensity
response for near-resonant tuning of the lag®rintensity response with off-resonant tuning. Maximum pump power is 1.0 W. Laser gas
pressure is 2Zubar. (d) Small-signal gain measurement of laser medium using a FIR probe laser field. All measurements made with

maximum pump power=1.0 W, gas pressure 22 pbar. All y-axis scale units are arbitrary.

peak intensity monotonically increases with the first passageavity, respectively. All other parameters are held constant.
time. In this case where the pump is quickly switched, both posi-
Since the gain and inversion both have the same formtive and negative slopes are found of the correlation between
however, these results do not make clear which variable isPT and maximum peak intensity. Figur@ljshows an ex-
respon5|b_le for the observed correla_tlon. _As mvesfugated iberimental determination of the small-signal gain, as out-
the following section, when the laser is switched quickly, thejined in the previous section and experimental description.
different relaxation constants for the gain and inversion leadne wire mesh in Fig. 1 was removed and the output from a
to different variations qf these vanables'Wlth t|me_and CON-gecond 15NH,4 FIR laser was introduced into the laser, as
sequently elucidate which laser variable is responsible for thg,qicated. The signal was measured as usual with the
peak-intensity—FPT correlation. Schottky detector and the pump was switched as before. Fig-
ure 4d) shows that the small-signal gain does not closely
follow the form of the pump with time. The gain takes over

IV. FPT MEASUREMENTS: QUICKLY SWITCHED PUMP . L
1 us to rise and exhibits an overshoot before a gradual de-
Figure 4 shows experimental results of multiple FPTcrease to steady state.
events(b),(c) for a fast switch on of the pumga). The The slower response of the gain with respect to the form

turn-on time is less than its. The intensity traces fgb) and  of the pump in the quickly switched case is expected since
(c) are for near-resonant and off-resonant tuning of the lasethe rise of the gain is ultimately limited by the medium re-
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~
® 20 f——’ level model would of course also reproduce the observed
behavior for slow sweeping of the pump, the effects of co-
20, - 3 25 o o 700 herent pumping are not manifested under these conditions
{© and the two-level model adequately accounts for the ob-
a0l served behavior. This is not the case for a quickly switched
pump, as experimentally observed in the previous section. A
Vool ] three-level system is necessary to take into account pump
coherence.
20 The three-level system used is schematically represented
) time (dimensionless) in Fig. 6. We consider the general semiclassical equations

describing the evolution of the atomic variables and field in
FIG. 5. Intensity(b) calculated from Lorenz equations for rapid an open three-leveh -system[18]

increase of pump(a) with time (dimensionless 10 traces.
I max=6.0, €=1.0x10 3. (¢),(d): Lorenz variables,z correspond-
ing to small signal polarization and inversion, calculated withO
andx=0.001. All variables are dimensionless.

p11=Y1(p11—p11) + 2 Im{a* o},

) ) ) ) , p22="Y2(P22— p22) — 2 Im{a™ po1+ B* o3},
laxation parameters. Figure 5 shows calculations, again using

the Lorenz equations, for such a fast switch of the pump. As

in Fig. 3, Figs. %c),(d) represent the small signal values of P33= Y3(P33~ paa) + 2 IM{ ¥ paal,

the polarization and inversion, wherei) corresponds to the (5.0
laser gain measurement in Figdt The slower response of )

the gain with respect to the pump is reproduced. However, p21= — (Y21t 1421 portia(pao—p1r) =i Bpai,

there is no overshoot and furthermore, the intensity curve

peaks show no variation with FPT. The experimentally ob- p23=— (Y23t 823 pogtiB(pr—psd) —iapsy,

served overshoot of the small-signal gain suggests that un-
damped coherence is also present between the pumping lev-

o ; _ipx ; *
els of the medium and hence the two-level approximation pa1= = (va1t1A3)pa =1 8" partiapas,
implicit in the Lorenz-Haken equations is inadequate to de- _
scribe the behavior for the case of quickly switched pump B=—1Gpy3— kB+E&(1),

power. In order to qualitatively account for the observed
overshoot of measured gain together with the positive anevhere p;; (i,j=1,2,3) are slowly varying envelopes of
negative correlations between laser peak intensity and FPT,density-matrix variables normalized to the density of mol-
three-level laser model is at least required. _ ecules in the three-level system apg are the zero field

It may be noted at this point that although the gain doesgjyes. The parameters;, v (i,j=1,2,3), andk are the
exhibit an initial overshoot, the positive and negative corrépopulation, coherence, and Jcavity decay rates, respectively.

lations in the peak intensities occur at times much later thar), and B8 are Rabi frequencies that characterize the interac-
the overshoot in the gain. Although the initial overshoot ofiion of the molecules with the pump and laser fields &d

the gain suggests that pump level coherence is responsiblg. ., nts for the molecule generated field coupling. As be-

for the appearance of a correlation in the peak heights, ifore ¢(t) is a Gaussian noise term to simulate spontaneous
does not explain the respective positive and negative slopgsnission. with zero mean and varianee

of the peak_intensity_—FPT correlation. This point will be pur-  po o meters  used are as followsy,;=0.5 MHz:

sued upon introduction of the three-level model. ¥2=7v3=2.0 MHz; y,;=1.0 MHz; y,3=1.0 MHz; y;3,=5.0

MHz. In the limit where the pump level coherences decay

quickly, these values correspond to those used in the two-
The two-level system provides a sufficient description oflevel model, for whichy, = y,3, = ¥2=y3. The pump is

the laser dynamics for the slowly swept pump. While a three€hosen to be resonantly tunetif=0) andAz;=A,;— As.

V. THREE-LEVEL LASER MODEL
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FIG. 7. Small signal gain measurement of laser polarizafiprand inversion(c) represented by Ifp,s} and R¢p22—p33} calculated
from 3-level equations for the given form of puni@ with time (us). See text for medium parametefd= 0.001.

Figure 7 shows calculations using E¢S.1) of the three- coherence were damped more quickly than the level popula-
level small-signal gain and inversion, determined similarly totions. In this way, the observed small-signal gafh) &xhib-
those of Figs. &),(d) and 5c),(d). For the current equations, its an overshoot and damped decay in accord with Fid). 4
the coherence between the laser levelg, corresponds to  whereas careful inspection of the inversidie)7 by contrast
the laser polarization as this is also the source term in thghows a secondary oscillatigfrom 5 to 7 us). These dy-
laser field equation. Once again, settifigsmall and3=0  namics are sufficient to qualitatively explain the experimen-
corresponds to a small signal gain measurement, wjth tally observed peak-height—FPT correlations.
being the small-signal gain in figui®) and p,,— p33 being Figures 8b) and &c) show the laser intensities calculated
the laser inversion irfc). from the complete set of E¢5.1), restoring the field equa-

The pump strength and coherence decay rates cited abotien. As in the experiment, two detunings are used: resonant
were chosen for qualitative comparison. In this choice, cortuning in (b) (A,3=0.0 MHz and off-resonant in(c)
respondence between the form of the small-signal gain ifA,;=10.0 MH2), respectively. Comparing these with Fig.
Fig. 7(b) and the measured gain in Figdd was primarily in ~ 7(c), it appears that the inversion is ultimately responsible
view. The pump strength controls the time scale of Rabfifor the peak intensity—FPT correlation. In FigbBthe FPT
oscillations and was chosen so that the time scale of thpeaks occur between 5:36.2 s and the laser inversion in
overshoot corresponded to the measured one. The pump cBig. 7(c) is increasing under a relaxation oscillation during
herence decay rates were chosen to be smaller than the levhls time. For detuning in @), the FPT peaks occur later
decay rates in order to ensure that any oscillations of thé6.2—7.0 us) and during this time, the small-signal inver-



57 DEPENDENCE OF TRANSIENT DYNAMICS IN A ... 565

oo

Y73 S T S RS S SO UOT U SAVA DO U E S VU DU S B

3.0 -

BB’

N7

1.0 -

(b)

1.5

BB’

0.5 -

Y ) S RS I R 1 P I S ST TR T SV
o 1 2

3 FE
(©) time (ps)

FIG. 8. Laser variables calculated from three-level laser equations for the given form of(pumith time (us). See text for medium
parameters(b) Laser intensity,38*, for resonant 4,;=0.0 MH2) and (c) off-resonant {,3=10.0 MH2 tuning of the laser cavity,
respectively. Cavity decay =12 MHz; coupling constanG=700; e=1.0x 10" 3.

sion is decreasing. For all of this time the small-signal gainis stored and must be ultimately responsible for the peak

7(b) is decreasing and is clearly not directly responsible fopower of any laser pulses that occur.

the correlation. In all calculated instances where either a

positive or negative correlation was observed, the sign of the

correlation was found to be directly related to the variation CONCLUSION

of the small-signal inversion, even in situations for which the

polarization exhibited the opposite variation. If the inversion ~We have performed measurements in the clas$8H;

displayed no variation at the FPT, then no correlation wag-IR ring laser demonstrating a correlation between the peak

observed in the calculated intensity peaks with FPT, oncéaser intensity and the first passage time, which depends

again, even if the polarization exhibited a variation. upon the relative speed of the pump switch and the laser
Although these calculations are quite simplistic and em-detuning. We have shown that the variation of the laser in-

pirical in their approach to the dynamics of the laser, theversion at the first passage time is ultimately responsible for

gualitative behavior strongly suggests that the correlation o&ny observed correlation, rather than the polarization, which

peak intensity and FPT continues to be a reflection of thén a class-C laser is the variable corresponding to gain. The

variation of the laser inversion, even in the class-C laser fotwo- and three-level models used, while relatively simple

which the laser gain is determined by the polarization of theapproximations to the true laser dynamics nevertheless pro-

medium. The strong role of the inversion might perhaps bevide a good qualitative understanding of the experimental

expected since the inversion in the laser is where the energybservations.
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