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Amplified Spontaneous Emission in Slab Amplifiers
Chana Goren, Yitzhak Tzuk, Gilad Marcus, and Shaul Pearl

Abstract—Amplified spontaneous emission (ASE) occurs in
media with large gain, and affects both the magnitude and the
spatial distribution of the inversion. In this work we theoretically
study the effect of ASE in three-dimensional, rectangular slab
amplifiers, using Monte Carlo type computer simulations. We
found that in one-dimensional amplifiers ASE is always larger at
the edges so that the inversion has a maxima at the center of the
amplifier. However, in two- and three-dimensional amplifiers, the
inversion has a minimum at the center of the amplifier for low
gain, and a maximum at the center of the amplifier for high gain.
Thus, the inversion profile can be changed by increasing the gain
from a minimum at the center, through a plateau, to a maximum
at the center. A simple analytical theory was developed and agrees
with these results.
Index Terms—Amplified spontaneous emission (ASE), slab amplifiers for high-power lasers.
Fig. 1. Rectangular slab amplifier with absorbing edges.

I. INTRODUCTION
PONTANEOUS emission (SE) occurs in any medium with
population inversion. This incoherent radiation propagates
through the inverted medium and is amplified, though sometimes negligibly. This process is called amplified spontaneous
emission (ASE). The larger the gain of the medium, the more the
SE is amplified, which results in the reduction of the expected
inversion calculated in the absence of ASE. Thus, increasing the
gain, results in increased ASE, which decreases the inversion
and gain, and leads to limiting of the gain that can be achieved
from an amplifier by increasing its size, pumping rate or doping.
In addition, the spatial distribution of ASE varies as a function
of position in the amplifier, and affects the spatial distribution
of the inversion, which results in distortion of the signal. Thus
knowledge of the magnitude of ASE and the spatial distribution of the inversion, which is altered by ASE, is useful when
planning the dimensions, gain and pumping profile of a laser
amplifier.
Most papers discussing ASE, are limited to one-dimensional
media such as long laser rods [1], [2], fibers [3], or symmetrically shaped amplifiers [4]. In these systems, for every point in
the amplifier one can define a solid angle, into which photons
that are emitted have the most significant contribution to ASE.
However, in three-dimensional amplifiers of arbitrary shape,
this solid angle is very complicated to define, and thus in order
to study ASE in these amplifiers, we must numerically calculate the contributions to ASE from all photons spontaneously
emitted in this system.
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In this work we theoretically study the effect of ASE in threedimensional, rectangular slab amplifiers, using Monte Carlo
type computer simulations. We calculate the gain and pumping
efficiency for various amplifiers of different sizes and doping
levels, in order to predict the optimum parameters, which will
result in the highest efficiency and best spatial distribution of
the inversion. In addition, we study the time evolution of the
inversion and ASE for both contiunous-wave (CW) pumping
and flashlamp pumping.
We examine rectangular amplifiers with edges that are coated
with an absorbing substance (cladding) in order to suppress
parasitic oscillations (see Fig. 1). In this amplifier, when a
photon strikes an edge it is absorbed and when a photon strikes
the top or bottom face it either exits the amplifier or is reflected
back into the amplifier by TIR (TIR), depending on its angle
of incidence with the surface. In addition, a small portion of
photons striking the top and bottom faces at angles smaller
than the critical angle are reflected back into the system due to
Fresnel reflection.
We compare the spatial distribution of the inversion in
one-dimensional amplifiers obtained both numerically and
analytically, with that obtained numerically in three-dimensional amplifiers. We find both numerically and analytically,
that in one-dimensional amplifiers ASE is always larger at
the edges of the amplifier, than in the center of the amplifier.
Therefore, for one-dimensional amplifiers, the inversion, which
is inversely proportional to ASE, has a maxima at the center
of the amplifier. However, for three-dimensional amplifiers,
the spatial distribution of ASE depends on the gain, and has a
maxima in the center for low gain and a minima at the center for
high gain. Thus, for three-dimensional amplifiers, the spatial
distribution of ASE changes from having a maxima in the
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III. COMPUTER SIMULATION
We calculate the effect of ASE on the population inversion
in a three-dimensional amplifier by numerically solving the rate
equations for each point in a three-dimensional amplifier.

(3)

Fig. 2. Energy diagram of a four-level system.

center to a minima in the center as a function of increasing of
the gain of the medium.
In addition, we calculate the time evolution of the smallsignal gain coefficient, which is linearly proportional to the inversion, for various slab amplifiers, in pulsed flashlamp and CW
pumping modes. For pulsed flashlamp pumping we show that in
the presence of ASE, maximum inversion is both lower and occurs earlier in the flashlamp pulse, than the maximum inversion
in the absence of ASE. For CW pumping, the system reaches a
steady state with lower inversion faster than the steady state obtained in the absence ASE. This is due to the limiting nature of
ASE in which increasing the inversion results in increased ASE
which causes a decrease in the inversion.

where is the density of the inverted population, is the flux,
which is due to the propagating spontaneously emitted photons,
is the pumping rate,
is the density of the Nd ions,
is the absorption cross section, and is the life time of the
excited state.
Before the pump is turned on, there is no stored energy
in the amplifier and the population inversion equals zero,
. When the pumping is turned on, population
is excited to the upper laser level, , which in turn, starts to
spontaneously decay. The number of ions excited into the upper
energy level, for each unit volume during a small time interval,
is given by
(4)
The number of ions that decay from the excited energy level
per unit volume, during the time interval is equal to
(5)

II. RATE EQUATIONS
We investigated ASE which occurs in a four-level system [5]
(see Fig. 2).
Population is pumped from the ground state to the pumping
band. We assume that the transition from the pump band to the
, so that the popupper laser level occurs very rapidly,
. In an ideal
ulation of the pump band is negligible, i.e.
four-level system, the terminal laser level, , empties infinitely
and
. In this case
fast into the ground level, i.e.
the entire population is divided between the ground level zero
and the upper level of the laser transition, level 2. We obtain the
following rate equations for the ideal four-level system [6]:

This includes both radiative and nonradiatively decays from
the excited state. The nonradiative losses are affected both by intrinsic processes that depend on the glass structure during manufacturing, such as multi photon relaxation, cross relaxation and
excitation migration, as well as extrinsic processes that depend
on impurities in the glass laser (e.g., OH and transition metal
ions) [6]. Thus the value of depends on the concentration of
the Nd ions and changes with the change of the Nd concentrations. The number of photons which are spontaneously
emitted from each unit volume is
(6)

(1)
(2)
is the
where is the density of the inverted population,
is the total density of the active population,
pumping rate,
is the stimulated emission cross section, is the life time of
the excited state, is the flux, is the path of the flux in the
is the directional derivative along path and
amplifier,
is the lifetime of the photons traveling along the path .
In the absence of external flux, the flux, , which appears in
(1) and (2), originates in spontaneously emitted photons, which
propagate through the amplifier and are amplified by the inverted population in the amplifier.

where
is the fluorescence efficiency which is the fraction of
ions in the excited state that decay by emitting a photon. These
photons are emitted in many wavelengths, whose branching ratios and emission cross sections depend on the properties of
the amplifier [7], [8]. We calculate the flux, , of the propagating
photons for each wavelength, along their path of propagation in
the gain medium

(7)
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IV. GAIN
The gain of an amplifier is given by [6]
(8)
where is the stimulated emission cross section, is the population inversion in the medium and is the distance that the
photons traveled in the medium. It is convenient to define the
small-signal gain coefficient [6], which defines the gain of the
amplifier per unit length
(9)
V. PUMPING
There are two methods for pumping the amplifier, continuously using a diode, or by flashlamps. The pumping rate, which
appears in the rate equations ((1), (2)), is related to the pumping
power before bleaching, by

Fig. 3. Numerical calculation of g and of the flashlamp pumping profile, in
the absence of ASE.

(10)
where is the pumping power, is the laser frequency,
is
are the dimensions of
the total population, and , , and
the amplifier.
A. Pumping by Flashlamps
The flashlamp power profile is given by [9]
(11)
where
is the pumping energy, is the time of the maximum
of the pulse, and is the conversion efficiency of electrical energy to photons. is related to the pulsewidth
which is
, by
given at
(12)
Fig. 3 shows a typical flashlamp pumping profile (dotted
curve) calculated from (11), and the resulting small-signal
gain (solid curve) in the absence of ASE which is calculated
from (1) by setting
. We see that the small-signal gain
continues increasing past the maximum of the flashlamp power,
and reaches its maximum value sometime after the maximum
power of the flashlamp.
B. CW Pumping
When the amplifier is pumped continuously, the system
reaches a steady state. In the absence of ASE we calculate the
small-signal gain coefficient analytically by setting
and
in (1). We get the asymptotical small-signal gain
at
(13)
We plot the time evolution of the inversion in the absence of
(see Fig. 4).
ASE, by numerically solving (1) when

Fig. 4. Numerical calculation of g , for a CW pumped system, in the absence
of ASE.

VI. ND:GLASS
The energy levels and some fluorescence lines of Nd are
shown in Fig. 5.
The emission spectra of Nd:Glass consists of three large
,
and
bands which are attributed to the
transitions. The exact wavelengths, branching ratios
and lifetimes of these transitions, depend on the glass used
[11]. Here we use the values of the branching ratios and lifetimes obtained by Ajroud et al. [10] and multiply the cross
sections by a constant so the cross section at the 1053 nm
cm . In Figs. 6 and 7 we plot the SE
is equal to 4.2 10
wavelength and cross section distributions. In this case the
fluorescence is centered at 896, 1053, and 1324, with branching
, 0.59, 0.11, stimulated emission cross sections
ratios
cm ,
cm and
cm ,
nm.
respectively, with a line width of
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A. Pumping Efficiency in Nd:Glass
Typically, the PFN electrical efficiency is 70%–90% of the
bank energy to the flashlamps, with the remainder lost as heat in
the circuit elements [11]. Flashlamp plasmas convert about 80%
of the delivered electrical energy to photons, with approximately
half the output energy falling in the 400–1000-nm region of the
Nd pumping bands, which is the energy needed in our case.
Usually the UV light ( 400 nm) is deliberately absorbed in the
lamp glass by using cerium doped glass, in order to protect the
laser material from solarization. As these photons circulate in
the pump cavity, some are reabsorbed by the flashlamp plasma, a
fraction of which are reemitted, some are absorbed by the metal
reflectors or slab holders and some are lost through the ends
of the amplifiers. The remaining photons, about 10% of those
emitted by the plasma are absorbed by the laser slabs. Photons
absorbed by the laser slabs, produce stored energy in the form
of excited Nd ions.
Fig. 5. Energy levels of Nd

.

B. Fluorescence Efficiency in Nd:Glass
Fluorescence efficiency
is the fraction of photons
pumped into the upper level which decay by emitting photons.
Fluorescence efficiency is never unity, due to nonradiative
losses which are affected by intrinsic processes that depend on
the glass structure during manufacturing, such as multi phonon
relaxation, cross relaxation and excitation migration, as well as
extrinsic processes that depend on impurities in the glass laser
(e.g., OH and transition metal ions) [9]. The value of fluorescence efficiency ranges from 0.5 [12] to 0.9 [13] depending on
the Nd concentration, the exact composition of the glass as
well as the care with which the glass was manufactured.
C. Monte Carlo Simulations

Fig. 6. Wavelength distribution of the SE for an arbitrary Nd:glass sample.

Fig. 7.

 distribution as a function of the SE wavelengths.

We wrote a number of Monte Carlo type computer codes
which calculate the inverted population evolution and the flux
due to SE, both for CW and flashlamp pumping. We wrote a
standard Monte Carlo simulation in which, in each time interval,
and direcfive random numbers determine the position
of the spontaneously emitted beam. The spectral distion
tribution of these photons is determined by the specific amplifier
medium.
The trajectory of this beam is calculated, assuming that the
edges of the amplifier are totally absorbing (Fig. 1). When the
beam reaches one of the two non absorbing faces it is reflected
TIR angle,
back into the amplifier if
where n is the index of refraction of the amplifier. If
the photon exits the amplifier, neglecting the Fersnel fraction
which is reflected back into the amplifier. The next beam of
photons, emitted from a new random site in a random direction,
sees lower inversion where the first beam traveled. In Fig. 8, we
show some random trajectories of photons in the amplifier.
In addition, we wrote more deterministic and faster programs,
in which we calculate the amplification of the SE from each
point, assuming that it is not affected by other points emitting
during the specified time interval. For these programs, we need
of
only two random numbers to determine the direction
the photons emitted from each point.
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Fig. 8. Examples of random trajectories inside an amplifier with absorbing
edges.

Fig. 9. (a) Photons striking the edge of the amplifier are absorbed. (b) Photons
striking the edge of the detector are reflected if  >  and exit the system if
 <  .

Fig. 10. Calculated g for a 40-cm-long amplifier (a) for the case of geometcm ,
rical angle and and (b) for the case of (c) TIR and (d)  = 4:2 1 10
 = 300 s, n = 4:2 1 10 cm , n = 1:528 and W = 16:4265 s ,
which in the absence of ASE results in g = 0:05 cm .

VII. RESULTS
A. One-Dimensional Amplifiers
In one-dimensional amplifiers, photons can propagate either
in the positive or in the negative directions [2], [3]. The rate
equations [(1), (2)] for this case are written as

in an angle larger than , undergo TIR and reach the edge of
the amplifier. The solid angle into which photons are emitted
and reach the end of the amplifier is given by

(19)

(14)
(15)
(16)
where
and
are photons propagating in the positive and
negative directions, respectively.
For long amplifiers, the contribution to ASE of the spontaneously emitted photons that propagate to the end of the amplifier is much larger than that of the photons which strike the edge.
Thus the inversion in these amplifiers can be calculated by using
(14)–(16) for one-dimensional amplifiers, while taking into account in (15) and (16) only the photons that reach the edge of the
amplifier. At each point, photons are spontaneously emitted in
, defines the angle into which
all directions. The solid angle
photons are emitted, and reach the end of the amplifier. Two geare plotted in Fig. 9.
ometries for
In Fig. 9(a), photons striking the edge of the amplifier are
, is the solid geometabsorbed so that
rical angle on the exit plane defined in (17) and (18)
(17)
(18)
In Fig. 9(b), the photons are reflected if the angle of incidence
is larger than the critical angle. In this case all photons emitted

and

is related to

by

(20)
We solve (14)–(16) in the steady state by setting
and
. The boundary conditions of these coupled partial differential equations are that the number of photons
, is equal to zero,
propagating in the positive direction at
propagating in the negative
and the number of photons at
direction, is also equal to zero. We plot the solution of (14)–(16)
for a 40 cm long Nd:glass rod, with all other parameters taken
from [6]. In Fig. 10(a) and (b), we plot
and the flux due to
ASE for the rod with the absorbing edge [see Fig. 9(a)] and in
and the flux due to ASE for the
Fig. 10(c) and (d), we plot
same rod with TIR [see Fig. 9(b)].
In comparing Fig. 10(b) and (d), we see that the effect of ASE
is larger for a rod with TIR. This is due to a larger average
for the case of TIR, than
obtained by the geometrical angle.
Larger ASE results in lower as can be seen by comparing
for both cases edge [see Fig. 10(a) and (c)].
In order to check out our three-dimensional MonteCarlo program we calculate ASE in a one-dimensional amplifier by setting , which is the angle between and the point where the
, and using one random number to dephoton is emitted to
or , i.e. if the photon is propagating in the
termine if
positive or negative direction. We find that the numerical calculations are identical to the analytical results.
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Fig. 11. Small-signal gain coefficient in the steady state. L = 11 cm, L =
20 cm, L = 2:4 cm W = 14:1185 s , which results in g = 0:062 cm
in the absence of ASE.  = 4:2 1 10
cm ,  = 300 s, n
= 4:2 1
1020 cm ,  = 0:8.
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Fig. 12. Small-signal gain coefficient in the steady state L = 40, L = 80,
L = 4, W = 11:7158 s , which results in g = 0:062 cm in the
cm ,  = 300 s, n = 4:2 1 10 cm ,
absence of ASE.  = 4:2 1 10
 = 0:8.

B. Two- and Three-Dimensional Amplifiers
In a two-dimensional amplifier, photons are emitted in a plane
at a random angle and are amplified until they reach an absorbing edge. We calculate ASE in a two-dimensional amplifier
by using our three-dimensional simulation and setting , which
is the angle between and the point where the photon is emitted
.
to
In the three-dimensional amplifier, photons reaching the faces
of the amplifier are either totally reflected back into the amplifier
or exit the system (neglecting Fresnel reflection), depending on
their angle. Those reflected back into the amplifier are absorbed
when they reach the edges.
We find that the small-signal gain distribution is similar for
two and three-dimensional slabs. In calculating the inversion
and small-signal gain we use the SE and stimulated emission
cross section plotted, respectively, in Figs. 6 and 7.
We plot the small-signal gain coefficient in the steady state for
two slabs of different sizes, which have identical small-signal
gain coefficients in the absence of ASE. When ASE is taken
into account in the calculation we found that for a small slab,
has a minima in the center (Fig. 11), whereas for a larger slab,
has a maxima in the center (Fig. 12).
In contrast to the one-dimensional case where the inversion
and small-signal gain coefficient, are always higher in the center
of the amplifier, for two and three-dimensional amplifiers the
spatial distribution of the inversion changes from a minima in
the center to a maxima in the center as a function of the amplifier
gain.
C. Time Evolution of the Inversion
We plot the time evolution of , for a large slab pumped
by flashlamp pumping (Figs. 13 and 14) and by CW pumping
(Figs. 15 and 16). In Fig. 13, we plot the time evolution of
in the case of flashlamp pumping in the presence and absence
(brown curve) of ASE. We compare the time evolution of
in the absence of ASE with
in the presence of ASE at various points in the slab. We calculate the well known result, that
occurs some time after the peak of the flashlamp
maximum

Fig. 13. Time evolution of the small-signal gain coefficient at different points
=
in a large amplifier. L = 40 cm, L = 80 cm, L = 4 cm, n
3:5 10 cm ,  = 4:2 10
cm ,  = 300 s. The SE and cross section distributions are given in Figs. 6 and 7.

power. In addition, we show that maximum
in the presence
of ASE is reached before the maximum in the absence of ASE.
This is expected from the limiting nature of ASE. Increasing
the inversion, increases the gain, this results in increasing ASE,
which lowers the gain.
In Fig. 14, we plot the inversion profile of the amplifier after
,
,
, and , where is the excited state life time.
When the gain is small, is lower in the center of the amplifier
Fig. 14(a). As the inversion increases, the longer dimenesion,
which has higher gain develops higher inversion in the center
whereas the short dimension, whose gain is not high enough for
developping higher in the center, has higher gain at the edge
Fig. 14(b). At maximum inversion both dimensions have lower
inversion at the edges than in the center Fig. 14(c).
In Fig. 15, we plot the time evolution of for the same slab
amplifier, for CW pumping. We choose
which results in
cm in the absence of ASE, which
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Fig. 14. Small-signal gain coefficient after (a) 0:3 , (b) 0:5 , (c) 0:9 , and (d)
 . All other parameters are the same as Fig. 13.
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Fig. 16. Small-signal gain coefficient after (a) 0:3 , (b) 0:5 , (c) 0:9 , and (d)
8 . All other parameters are the same as Fig. 13. W = 19:79 s we use the
same parameters as in Fig. 13.

Fig. 17. One-dimensional amplifier of length l .

VIII. ANALYTICAL CALCULATION
We calculated simplified analytical expressions, for the flux
due to ASE, in the steady state for one and two-dimensional
slabs. This flux is inversely proportional to the population inversion. We compare these simplified expressions, with the results
obtained by the numerical simulation.
Fig. 15. Time evolution of g at different points in the amplifier, for the CW
pumping scheme. Amplifier parameters are the same as in Fig. 13.

is the maximum value of obtained by flashlamp pumping in
the absence of ASE. We show that in the presence of ASE,
reaches the steady state before it would have reached there in
the absence of ASE emphasizing the limiting nature of ASE.
,
In Fig. 16, we plot the small-signal gain profile after
,
, and in the large slab. We see that when the gain is
small, is lower in the center [Fig. 16(a) and (b)]. As the inversion increases, the longer dimension, which has higher gain, has
higher in the center whereas the shorter dimension, which has
lower gain, has higher at the edge of the amplifier Fig. 16(c).
At maximum inversion both axis have lower inversion at the
edges Fig. 16(d).
D. Scaling
One can change the dimensions and the small-signal gain cowhich is
efficient , of an amplifier, while keeping the gain
calculated neglecting the effects of ASE, constant. As expected,
the gain calculated when taking ASE into account, is identical
for both amplifiers.

A. One-Dimensional Amplifier
We start with an amplifier of length , which at
(see Fig. 17).
constant photon density,
The flux resulting from a unit length is

has a

(21)
This flux is emitted in the directions. Therefore, the flux
due to this element, at a distance is amplified, and equals
(22)
At any point in the amplifier, the total flux is a sum of the
flux resulting from all elements of the amplifier

(23)

for any
and l.
This function has a minimum at
Thus, for one-dimensional amplifiers, the inversion and small[see (1)],
signal gain coefficient, which are proportional to
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8 for a slab with low gain is higher in the center than at the edge,
= 10 cm, = 20 cm, = 0 05 cm .

Fig. 20.
Fig. 18. (e
+e
dimensional rod, l =

0 2), which is proportional to the flux for a one-

100 cm,

= 0 05 cm

g

:

L

L

g

:

.

Fig. 19. Two-dimensional amplifier.

all have a maximum at
in a rod with

. In Fig. 18, we plot
cm,
cm .

8 for a slab with high gain is lower in the center than at the edge,
= 40 cm, = 80 cm, = 0 05 cm .

Fig. 21.

B. Two-Dimensional Amplifier

L

We calculate the flux at each point of a two-dimensional amplifier, which at
has a constant photon density of
(see
Fig. 19)
The flux resulting from a unit area is

L

g

:

In Figs. 20 and 21, we plot

(24)
The flux is emitted in all directions. Therefore, the angle ,
, reach
is
into which photons that are emitted at
(25)
The flux at a distance

from this element is
(26)

The flux at a point
in the amplifier results from all the
elements in the two-dimensional slab

which is inversely proportional to the inversion and small-signal
gain coefficient.
We see that for slabs with low gain (Fig. 20) the flux is higher
at the center of the slab, which results in being lower in the
center as we obtained by our numerical simulation (Fig. 11).
When the gain is high (Fig. 21) the flux is lower in the center,
resulting in higher inversion and small-signal gain coefficient in
the center of the slab, which is the result that we obtained in our
numerical simulation (Fig. 12).
IX. CONCLUSION

(27)

We investigated the phenomena of ASE in laser amplifiers.
We calculated ASE in rod and slab amplifiers, both numerically
and analytically. We showed that for one-dimensional amplifiers
ASE is always larger at the edges, resulting in higher inversion at
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the center of the amplifier. However, this is not the case for two
and three-dimensional amplifiers. For these amplifiers when the
gain is low, the inversion is lower at the center of the amplifier
and for higher gain, the inversion is higher at the center.
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