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Abstract—Rate-equation calculations have been used to accurately
model the near-threshold behavior of a Co:MgF, laser operating at
room temperature. The results demonstrate the limitations of the con-
ventional threshold analysis in cases of practical interest. This conclu-
sion is applicable to pulsed solid-state lasers in general. The calcula-
tions, together with experimental data, have been used to determine
emission cross.sections for the Co: MgF, laser.

INTRODUCTION

Co : MgF, is a tunable solid-state laser material of great
interest for applications including remote sensing and
clinical medicine. At room temperature the Co:MgF,
laser operates over the 1750-2500 nm range. As part of
an ongoing development program, a normal-mode
Co:MgF, laser, longitudinally pumped by a Nd:YAG
laser operating at 1.338 um, has been studied experimen-
tally and theoretically over a wide range of operating tem-
peratures and pump conditions. The results indicate that
the temporal behavior can be accurately modeled with
rate-equation calculations [1]. However, it has not been
possible to accurately predict the absolute input/output
characteristics. This is due to the fact that the threshold
analysis [2] that is conventionally applied to such systems
neglects the effect of photons stored in the cavity during
the prelase period (i.e., the ‘‘cavity build-up time inter-
val’’). It is the purpose of this paper to demonstrate their
importance in cases of practical interest. Accurate mod-
eling requires consideration of both the upper-state life-
time 7 and the cavity lifetime 7. in numerical rate-equa-
tion analyses. While this result is particularly important
for the room-temperature Co : MgF, laser [3], it should be
considered generally applicable to the analysis of pulsed,
laser-pumped solid-state lasers including Ti: Al,O; [4] and
diode-pumped rare-earth devices.

In situations where the pump-pulse duration is very
short compared to the upper-state lifetime (7, << 7),
build-up time effects are typically ignored because spon-
taneous emission losses are negligible. However, recently
Eggleston er al. [4] have demonstrated that the nonzero
build-up time interval can have a strong influence on the
behavior of gain-switched Ti: Al,O, lasers near threshold.
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The normal-mode Co : MgF, laser is often operated in an
intermediate regime in which the pump-pulse duration is
comparable to the upper-state lifetime (7, ~ 7). In this
case, these effects are evident well beyond threshold.

In his investigation of the Co : MgF, laser, Moulton [2]
extended previous work [5], [6] to derive the following
expression for the CW threshold of a longitudinally
pumped laser:

P,(th) = (7 hv,w} /4ot)(L + T)(a* + 1)

1 - exp (—al)] (1)
where P, (th) is the pump power incident on the gain me-
dium at threshold, hv, is the pump photon energy, w; is
the laser mode spot size in the gain medium of length /,
o is the emission cross-section of the laser transition, L is
the internal cavity loss per roundtrip, 7 is the output cou-
pling loss, and « is the absorption coefficient at the pump
wavelength. The mode overlap parameter a = (w), /wr)
is the ratio of the pump spot size to that of the cavity
mode. For lasers involving a Brewster-cut laser crystal,
the above expression for P,(th) should be multiplied by
the index of refraction of the crystal to account for astig-
matism. Assuming a constant-power pump puise, the
pulsed threshold E,(th) is given by [2]

E,(th) = P,(th) r,[1 — exp (-7,/7)] . (2)
Note that in (1) and (2) the cavity losses have essen-
tially been decoupled from the spontaneous losses. Equa-
tion (1) is the familiar statement that gain equals loss at
threshold. Equation (2) accounts for spontaneous emis-
sion with the assumption that the build-up time interval at
threshold is equal to the pump-pulse duration. The gain
medium is treated as a simple integrator of pump energy.
Equation (2) does not account for the fact that the laser
cavity provides a reservoir of photons with a capacity that
increases with the cavity lifetime. This stored field may
allow the build-up time interval at threshold to signifi-
cantly exceed the pump-pulse duration. In such a case,
(2) will yield an unrealistically low threshold due to the
underestimate of the spontaneous loss. The significance
of the error depends strongly on the absolute value of the
cavity lifetime and the relative values of the pump-pulse
duration 7, and the upper-state lifetime 7. Thus, the major
source of error in estimating the laser threshold arises from
inaccurate predictions of the spontaneous emission loss
during the build-up time interval.
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This issue is particularly relevant to the analysis of the
room-temperature Co: MgF, laser [3]. The upper-state
lifetime rapidly decreases from 7 = 1.2 ms at 77 K to 7
= 36.5 pus at 300 K [2]. In order to obtain efficiencies
similar to those demonstrated at cryogenic temperatures,
the room-temperature laser must be driven by a rapidly
rising pump pulse so that a quasi-CW inversion is estab-
lished in a time short compared to the upper-state life-
time. In normal mode operation, the pump-pulse duration
is typically tens to hundreds of microseconds in duration.
Hence, the pump-pulse duration is longer than the upper-
state lifetime (7, > 7) for room-temperature operation
and accurate modeling requires some numerical analysis
beyond (1) and (2).

The temporal characteristics, threshold behavior and
input/output curves for normal-mode laser operation may
be described by a pair of coupled rate equations relating
the spatially averaged population inversion density N and
photon density, ¢. The effects of nonuniform absorption
of pump-laser radiation and the corresponding distribu-
tions of the inversion and photon densities are omitted
from this analysis. The rate equations are as follows:

_dg B col, N ¢

= - =+ W, 3
dt I 7. ! 3)
and
IN col,No
—w -t (4)
dt O l.

where ¢ is the speed of light, /. is the cavity length, o is
the emission cross section, /, is the length of the gain me-
dium, and 7. is the cavity lifetime. W, and W, are the
photon generation terms for blackbody and spontaneous
emission, and for the pump laser, respectively. The rate-
equations were normalized in the manner described by
Wagner and Langyel [1] and evaluated numerically using
a Runge-Kutta algorithm.

Rate-equation simulations [using (3) and (4)] assuming
rectangular pump pulses clearly indicate the limitations of
the conventional threshold model. Fig. 1 shows the cal-
culated output energy, on a logarithmic scale, as a func-
tion of input energy for a room-temperature Co:MgF,
laser. Threshold is defined as the input energy at the in-
tersection between two linear fits to the data: one applied
well below threshold and one applied well above thresh-
old. The pump pulse was assumed to be 300 s in dura-
tion at constant power. To correspond closely to mea-
sured experimental parameters, the laser cavity was
assumed to be 49 cm long with L = 0.5 percent. Numer-
ical results are included for three output couplers with re-
flectivities of R = {95, 98, 99.5 percent}. The corre-
sponding cavity lifetimes are 7. = {58, 130, and 326 ns }.
The abscissa of Fig. 1 has been normalized, for R = 99.5
percent, to the threshold determined by (1) and (2) which
predict relative thresholds for the three cases of 5.5, 2.5,
and 1.0, respectively. In order to accurately normalize the
calculations, a quasi-CW simulation was performed (7,
= 10ms, 7 = 36.5 ps, E,(th) = P,(th)7,). In this case,
the build-up time interval never exceeded the pump pulse
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Fig. 1. Calculated input/output curves showing threshold behavior for a
300 us duration pump puise. The three curves are for cavity lifetimes of
58, 130, and 326 ns. The dashed vertical lines represent the thresholds
determined by (1) and (2).
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Fig. 2. Calculated input/output curves showing threshold behavior for a
30 us duration pump pulse. The three curves are for cavity lifetimes of
58, 130, and 326 ns. The dashed vertical lines represent the thresholds
determined by (1) and (2).

duration and the calculated thresholds were related by the
5.5:2.5:1.0 ratio predicted by (1) and (2).

Similar numerical results are included in Figs. 2 and 3
for 30 and 3 us rectangular pump pulses, respectively. In
both figures, the abscissa has been normalized as in Fig.
1 (i.e., in absolute terms, the input-energy units of Figs.
2 and 3 are 0.18x and 0.13x those of Fig. 1, respectively).

Figs. 1-3 clearly indicate the importance of augment-
ing (1) and (2) with rate-equation calculations. This is
especially true when the pump-pulse duration is shorter
than the upper-state lifetime (7, < 7), in which case the
correction to threshold increases with the photon lifetime
of the cavity .. These results suggest a simple correction
to (2):

Ep(th) = Pp(th) Td[1 — €xp (—'Td/T)]_l (5)

where the build-up time interval at threshold, 7,, is sub-
stituted for pump-pulse duration, 7,. Table I compares the
results of the rate-equation calculations to those of (2) and
(5) for 7 = 36.5 ps. In (5), the build-up time interval 7,
was taken as the delay between the onset of the pump
pulse and the peak of the Co : MgF,-laser pulse at thresh-
old. It is apparent from the table that (5) is not sufficiently
accurate to obviate the rate-equation analysis.
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Fig. 3. Calculated input/output curves showing threshold behavior for a
3 us duration pump pulse. The three curves are for cavity lifetimes of
58, 130, and 326 ns. The dashed vertical lines represent the thresholds
determined by (1) and (2).

TABLE 1
CALCULATED THRESHOLD ENERGIES, IN NORMALIZED UNITS, FOR THE

Co: MgF, LASER AT ROOM TEMPERATURE

Threshold Threshold Threshold
1, (Hsec) t. (nsec) Tq(Msec) Energy Energy Energy
(Egs. 1-2) (Egs. 1,3) (Rate Egs.)
3 326 270 1.00 136 207
3 130 159 250 2.96 4.09
3 58 126 550 6.24 7.84
30 326 473 141 1.71 250
30 130 359 352 377 526
30 58 336 774 8.08 107
300 326 300 7.89 7.89 8.73
300 130 300 19.7 197 213
300 58 300 427 427 506

Fig. 4 extends the calculations of Fig. 2 (7, = 30 ps,
R = 98 percent) to well above threshold. The results,
shown on a linear scale, demonstrate detailed behavior
common to many normal-mode lasers [4]. The undula-
tions in the output energy near threshold correspond to
integral increases in the number of discrete output pulses
generated per pump pulse. The characteristic appears lin-
ear only when quasi-CW operation is achieved.

Actual laser experiments (R = 98 percent, 2.100 um)
were modeled numerically with digitized pump-pulse pro-
files. Fig. 5 shows the digitized pump pulse, the output
pulse calculated with the rate equations, and the corre-
sponding experimental oscilloscope photographs for op-
eration of a room temperature Co: MgF, laser [3] at ap-
proximately 2.5x threshold. The agreement between the
experimental data and the numerical results in Fig. 5(b)
demonstrate the accuracy of the rate-equation model. In
particular, the build-up time interval 7, and the temporal
form of the output are sensitive indicators of the accuracy
of the rate-equation model. Close agreement between ex-
perimental data and numerical simulations requires digi-
tization of the actual pump-pulse profile at each experi-
mental pump energy. Fig. 6 shows both experimental and
numerical input/output curves that show excellent agree-
ment for pump energies up to 4x threshold. The deviation

IEEE JOURNAL OF QUANTUM ELECTRONICS. VOL. 25, NO. 7. JULY 1989

0.5 - - /‘
04 - /
— /
23 /
= /
S /
g 03 -
&
>
o
o
2
2 02 A
3
o
5
]
0.1 -
0 ! e ; e T e i

0 2 4 6 8 10 12 14 16 18 20
Absorbed pump energy (arb. units)
Fig. 4. Calculated input/output curve for a 30 us duration pump pulse,
130 ns cavity lifetime, and 36.5 us upper-state lifetime, extended to well
above threshold.
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Fig. 5. (a) Digitized and measured experimental pump pulse for a room
temperature Co: MgF, laser at 2.5x threshold. (b) Rate-equation and

measured output pulses for a room temperature Co: MgF; laser at 2.5x
threshold. The inset photographs show a total timespan of 200 us.

0.00

°
S
=3 T it 1 L 1 i 1 1 1 1
4\_._
pa——

from linearity at higher pump energies is due to thermal
lensing of the pump laser. This was confirmed by mea-
suring the spot size of the focused pump-beam at the laser
crystal as a function of pump energy. Thermal lensing
increases the divergence of the Nd: YAG beam thereby
reducing the coupling between the pump and the
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Fig. 6. Comparison of calculated and experimental input/output data for a
Co : MgF, laser operating at room temperature.

. TABLE II
PeaK EMissioN CROSS SECTIONS, AND CORRESPONDING WAVELENGTHS, FOR
THE Co: MgF, LASER AT THREE OPERATING TEMPERATURES. THE
PARAMETERS 0, AND 0, REFER TO THE CROSS SECTIONS FOR POLARIZATION
PARALLEL AND PERPENDICULAR TO THE c-AXIS OF THE Co : MgF, CRYSTAL,

RESPECTIVELY

Temperature Wavelength O, [
(K) (um) (107 cmt) (10% cm’)
248 2.118 45
248 2.009 9.7
279 2.120 48
279 2.110 11
299 2.130 49
299 2.100 9.3

Co:MgF, laser [this corresponds to an increase in the
overlap parameter a in (1)].

Given the agreement between the experimental data and
the rate-equation model for both temporal behavior and
input/output characteristics, we have used the threshold
analysis, along with measured threshold energies, to de-
termine peak emission cross sections as functions of
wavelength and temperature. Emission cross sections are
listed in Table II along with the wavelengths of the gain
peaks for 248, 279, and 299 K.

In summary, the general analysis of (2) may not yield
useful estimates for laser thresholds in situations of prac-
tical interest. Rate-equation calculations, used to supple-
ment (2) do yield accurate simulations. The range of cal-
culations included here demonstrate the degree of
correction for several important regimes of laser opera-
tion. These results are generally applicable to pulsed,
laser-pumped solid state lasers. Finally, experimental data
obtained with a Co: MgF, laser are shown to be in excel-
lent agreement with the numerical results. With the ability
to accurately model the laser, it has been possible to de-
termine peak emission cross sections for the Co:MgF,
laser at three operating temperatures.
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