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Amplified spontaneous emission and power amplification in
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Amplified spontaneous emission (ASE) always occurs in high-power DF laser systems with master
oscillator-power amplifier (MOPA) configuration. ASE not only reduces the energy extraction efficiency
of the laser system, but also negatively influences its heat management. The interaction between the ASE
flux and the coherent laser flux, as well as the effect of ASE on cuboid DF amplifiers, is studied using a
finite difference method and an iterative arithmetic. In addition, the influence of ASE on coherent laser
amplification is discussed in detail.
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The influence of amplified spontaneous emission (ASE)
on high-power laser systems and laser amplifiers has been
studied in a number of papers[1−4]. ASE is especially un-
desirable in high-gain systems because it can grow to a
level at which it begins to deplete the excited popula-
tions, thereby reducing the energy extraction efficiency
of the laser system.

Hunter et al. estimated the reduction in extraction
efficiency caused by ASE in a one-dimensional steady-
state amplifier[5]. In the treatment, ASE was considered
as an average radiation within an average solid angle. A
more detailed treatment of a similar case was conducted
by Lowenthal et al.[6], in which ASE was calculated by a
partially analytical method. Sasaki et al. calculated the
distribution of ASE in an amplifier that had a cylindri-

cal symmetry and small aspect ratio, and analyzed the
influence of ASE on extraction efficiency[7].

In this letter, the interaction between the ASE flux and
the coherent laser flux, as well as the effect of ASE on
cuboid DF amplifiers, is studied using a finite difference
method and an iterative arithmetic. The influence of
ASE on coherent laser amplification is also discussed in
detail.

To calculate the influence of ASE on energy extraction
efficiency in the amplifier, the equations of ASE and the
coherence laser are given. Figure 1 is the model of ASE
calculations. ASE intensity at the “observation point” is
obtained by integrating ASE into the entire gain media.

Assuming the light is monochromatic, ASE intensity
from the emitting volume dV at P0 is seen at the obser-
vation point P (x, y, z) as[6,7]

dIASE = hf
N∗(x0, y0, z0)df

τR

dV

4π |r|2 exp
[∫

[g (l)− α] dl

]
, (1)

where f is the frequency of light; h is the planck constant; N∗(x0, y0, z0) is the upper-state population density; τR is
the spontaneous lifetime of the upper state; r is the distance between the observation point and the emitting point; α is
the nonsaturable absorption coefficient; g(l) denotes the gain coefficient in the amplification with l being propagation
distance in the gain media, which depends on local light intensity. By integrating Eq. (1), the total ASE intensity at
P is

IASE (x, y, z) =
∫∫∫ [

hfN∗ (x0, y0, z0)
τR

dV

4π |r|2 exp
(∫

[g (l)− α] dl

)]
. (2)

The total light intensity is the sum of ASE intensity and coherent intensity If (x, y, z):

I (x, y, z) =
∫∫∫ [

hfN∗ (x0, y0, z0)
τR

dV

4π |r|2 exp
(∫

[g (l)− α] dl

)]
+ If (x, y, z) . (3)

For the laser light propagating along the z axis, the
equation of the coherent laser flux is expressed as

dIf (x, y, z)
dz

= [g (x, y, z)− α] If (x, y, z), (4)

for which the gain coefficient is defined as

g (x, y, z) =
g0 (x, y, z)
1 + I/Is

, (5) Fig. 1. Model of ASE calculations.
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Fig. 2. Small signal gain coefficient along the x axis.

Fig. 3. Mesh configuration used in calculations.

where the saturation intensity Is = hv
στeff

, τ eff is the
effective lifetime of the upper-state population, and σ
is the stimulated emission cross-section. In this letter,
it is assumed that N∗ is invariable and that the gain
coefficient is determined by the local light intensity.

The calculation of ASE at an observation point requires
summation over the entire gain media. We consider the
gain media as a cuboid of length L (z axis), width D (x
axis), and height H (y axis), with uniform upper-state
population density, and loaded by the longitudinal co-
herent flux. We assume that the input coherent light
is a plane wave, and the small signal gain coefficient is
uniformly distributed along the z and y axes, but has a
parabolic distribution along the x axis (Fig. 2)[8]. The
mesh configuration used here — 7 × 7 × 29 — is illus-
trated in Fig. 3. Spontaneous emission is considered to
be emitted from the center of each element. The am-
plification of the light from the “emitting point” to the
observation point is considered as follows: the path be-

tween these two points is divided into path elements. The
gain is calculated for each path element, which is defined
by the method of the nearest grid approximation, and
the gain coefficient of a path element employs the value
of the corresponding volume element.

The finite difference expressions for the numerical cal-
culation of Eqs. (3) and (4) are as follows:

I(i0, j0, k0)=
∑

i

∑

j

∑

k

[
hv

N∗(i, j, k)

τR

dV

4πr2

· exp
[∑

u

(
gu − α

)
∆l

]]
+ If (i0, j0, k0), (6)

If (i0, j0, k0)= If (i0, j0, k0 − 1)
· exp [g (i0, j0, k0 − 1) ·∆z] , (7)

where i, j, k, i0, j0, and k0 are corrdinate coefficients

of the space lattices. If =
∧
U ·

∧
U∗; thus Eq. (7) can be

converted into

∧
Ug

f (i0, j0, k0)=
∧
Uf (i0, j0, k0 − 1)

· exp[g(i0, j0, k0 − 1) ·∆z/2], (8)

where
∧
Uf (i0, j0, k0) is the electric field after propagat-

ing
∧
Uf (i0, j0, k0 − 1) through free space for distance ∆z,

and
∧

Ug
f (i0, j0, k0) is the electric field after propagating

∧
Uf (i0, j0, k0 − 1) through the gain media for distance ∆z.

In the amplifier, the electric field vector
∧
U (x, y, z) sat-

isfies the Helmholtz equation:

[i2kw(∂/∂z) +∇2
T ]

∧
U (x, y, z) = 0, (9)

where kw is the wave vector and∇2
T = (∂2

/
∂x2+∂2

/
∂y2)

uses the following difference equation of Dufort and
Frankel[8]:





∂U

∂z
= 1

2∆z

(
Uk0+1

i0,j0
− Uk0−1

i0,j0

)

∂2U

∂x2
= 1

∆x2

(
Uk0

i0+1,j0
− Uk0+1

i0,j0
− Uk0−1

i0,j0
+ Uk0

i0−1,j0

)

∂2U

∂y2
= 1

∆y2

(
Uk0

i0,j0+1 − Uk0+1
i0,j0

− Uk0−1
i0,j0

+ Uk0
i0,j0−1

)
, (10)

where x = i4x; y = j4y; z = k4z; 4x and 4y are the cell dimensions in the x and y directions, respectively. After
substituting Eq. (10) into Eq. (9), we obtain the following propagation algorithm[9]:

Uk0+1
i0,j0

=
1

1 + δx2 + δy2 + 2δxδy
[Uk0−1

i0,j0
+ iδx(Uk0

i0+1,j0
− 2Uk0−1

i0,j0
+ Uk0

i0−1,j0
)

+ δx2(Uk0
i0+1,j0

− 2Uk0−1
i0,j0

+ Uk0
i0−1,j0

) + δxδy(Uk0
i0+1,j0

− Uk0−1
i0,j0

+ Uk0
i0−1,j0

)

+ iδy(Uk0
i0,j0+1 − 2Uk0−1

i0,j0
+ Uk0

i0,j0−1) + δy2(Uk0
i0,j0+1 − Uk0−1

i0,j0
+ Uk0

i0,j0−1)

+ δxδy(Uk0
i0,j0+1 − Uk0−1

i0,j0
+ Uk0

i0,j0−1)], (k0 = 1, 2, · · ·), (11)
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Fig. 4. ASE flux distribution with Iin = 0.

Fig. 5. (a) ASE flux distribution and (b) coherent flux distri-
bution at y = 0 plane with Iin = 4 W/cm2.

where δx = 4z/k(4x)2 and δy = 4z/k(4y)2. Equation
(11) enables the computation of the field at z +4z from
the known field values at z and z −4z.

When k0 = 0, U1
i0,j0

can be calculated using[10]

U1
i0,j0 = U0

i0,j0 + i[δx(U0
i0+1,j0 − 2U0

i0,j0 + U0
i0−1,j0)

+ δy(U0
i0,j0+1 − U0

i0,j0 + U0
i0,j0−1)], (12)

where U0
i0,j0

represents the boundary condition. Equa-
tion (12) is used to propagate the complex field for the
first segment, whereas Eq. (11) is used for the remaining
segments.

Using Eqs. (6), (7), (8), (11), and (12), the ASE
flux and the coherent flux distributions in the amplifier
can be calculated based on an iterative process. When a
small signal gain coefficient is given, we can calculate the
initial ASE flux and coherent flux distributions; the gain
coefficient is then calculated. In each step of the iteration

process, the ASE flux and the coherent flux are calcu-
lated using the gain coefficient obtained from the previ-
ous step. The quantities are renewed from time to time
until the convergence condition

∥∥∥gnew
i,j,k − gi,j,k

∥∥∥ < 0.01 is
reached.

In this letter, the laser wavelength λ = 3.8 µm; the
upper-state population N∗ = 1.9 × 1023 m−3; the stim-
ulated emission cross-section σ = 1.7 × 10−23 m2; the
effective lifetime of the upper-state population τ = 0.01
s. After the calculation, the saturation intensity in the
amplifier is about 31 W/cm2.

Figure 4 shows the ASE flux distribution with Iin = 0
and the gain length of 1.5 m. As seen in Fig. 4, the ASE
flux distribution is large in the center and small around
the center without the coherent light incidence on the
amplifier. Figure 5 shows the ASE flux distribution and
the coherent flux distribution with Iin = 4 W/cm2.

Comparing Fig. 5(a) with Fig. 4, we find that the
peak value of the ASE flux transfers from the center to
the forepart of the gain media, causing the magnitude
of ASE to decrease. This phenomenon is caused by the
gain coefficient in the amplifier decreasing along with
the increase in input coherent intensity. Furthermore,
the change in the gain coefficient in the forepart of the
amplifier is lower than that in the back end.

Table 1 presents the data for input coherent inten-
sity (Iin), input coherent laser power (Pin), extraction
power (Pout−Pin), energy extraction efficiency (Eff),
and amplification ratio (AR) with the gain length of
1.5 m. Here, Eff = (Pout−Pin)/Pavail, AR = Pout/Pin,
and Pavail = AIsg0lg, A = 0.07 × 0.07 (m) is the area
of the gain media cross-section, Is is the saturation in-
tensity, and lg is the length of the gain media. Table 1

Fig. 6. ASE distribution on the plane 0.5 m away from the
amplifier’s exit.

Fig. 7. Peak value of ASE as a function of gain length.
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Table 1. Extraction Power, Extraction Efficiency, Amplification Ratio, and Maximum of
ASE Flux for Different Input Coherent Intensities at lg = 1.5 m

Without ASE With ASE

Iin Pin Pout−Pin
Eff AR

Pout−Pin
Eff AR

ASEmax

(W/cm2) (W) (W) (W) (W/cm2)

1 49 3259.0 0.1600 67.51 3048.2 0.1497 63.20 2.2067

4 196 4691.3 0.2303 24.94 4549.1 0.2233 24.21 1.8257

9 441 5587.5 0.2743 13.67 5488.1 0.2694 13.44 1.5093

16 784 6237.9 0.3063 8.96 6166.4 0.3027 8.87 1.2536

25 1225 6743.6 0.3311 6.50 6690.7 0.3285 6.46 1.0508

Table 2. Extraction Power, Extraction Efficiency, Amplification Ratio, and Maximum of
ASE Flux for Different Gain Lengths at Pin = 441 W

AR Without ASE AR With ASE

lg (m)
Pout−Pin

Eff AR
Pout−Pin

Eff AR
ASEmax

(W) (W) (W/cm2)

0.5 1246.7 0.1836 3.83 1213.6 0.1787 3.75 1.2799

1.5 5587.5 0.2743 13.67 5488.1 0.2694 13.44 1.5093

2.5 10729 0.3160 25.33 10618 0.3128 25.08 1.6934

3.5 16112 0.3390 37.54 16007 0.3368 37.30 1.8797

shows that ASE influences Eff and AR. Additionally,
the effects decrease when the input coherent intensity
increases. As seen in Table 1, the peak value of ASE flux
decreases along with the increase in input coherent laser
power.

Table 2 presents the data extraction power for
Pout−Pin, Eff), and AR with Pin = 441 W. In Table
2, the energy extraction efficiency increases along with
the increase in gain length regardless of ASE. The in-
fluence of ASE on the coherent laser’s AR is enhanced
as gain length increases. Table 2 also indicates that the
peak value of the ASE flux increases along with the in-
crease in gain length.

The ASE radiation’s heat influence on the latter opti-
cal apparatus is a problem that designers are concerned
about in the master oscillator-power amplifier (MOPA)
configuration. Figure 6 shows the ASE distribution (the
gain length is 1.5 m) on the plane, which is 0.5 m away
from the amplifier’s exit. In Fig. 7, the peak value of
ASE is plotted as a function of gain length. As seen in
Fig. 7, the peak value of ASE is linear with gain length.
The increase in gain length can induce the increase in
the peak value of ASE.

In conclusion, the three-dimensional calculation tech-
nique presented in this letter enables the evaluation of
ASE influence on the amplifier. The ASE flux is always
large at the center without light incidence on the am-
plifier. ASE restrains more heavily as the intensity of
the input light increases. The influence of ASE on the
energy extraction efficiency of coherent lasers increases

along with the increase in gain length. We also calculate
the ASE distribution on the plane was 0.5 m away from
the amplifier’s exit. These calculation results serve as
reference to designers who embark on projects using the
laser system of the MOPA configuration.
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