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Abstract.  The functional possibilities of diode-side-pumped laser 
heads of solid-state lasers for forming inverse population distribu-
tions of different types are analysed. The invariants determining 
the relationship between the laser head parameters upon scaling are 
found. The results of comparative experimental studies are presented.

Keywords: laser head, diode side pumping, inverse population dis-
tribution, optimisation of parameters.

1. Introduction 

Pulsed flashlamps were used to pump the first solid-state 
lasers (SSLs) [1]. Their optimisation required new methods to 
design SSL laser heads. The development of diode pump 
sources provoked interest in laser heads [2] and stimulated 
researchers to optimse laser head parameters in order to 
implement these new possibilities, concerning both the effi-
ciency and distribution of inverse population (IP) over the 
active-element (AE) cross section. Some studies aimed at 
optimising laser head parameters were carried out using purely 
experimental methods (see, e.g., [3 – 15]). Despite the fact 
that some properties of diode pump sources (low divergence 
and small spectral width) open radically new possibilities for 
obtaining IP distributions of different types, the purpose of 
most studies was to obtain a planar IP distribution over the 
AE cross section. This distribution is fairly universal and can 
be used to solve most of applied problems. Only few studies 
[3, 8] were aimed at forming an IP distribution similar to 
Gaussian (when focusing the pump beam on the AE axis), 
and certain attempts were made in [13] to obtain a distribution 
similar to parabolic. 

Generally, an urgent problem is the simulation of pumping, 
which makes it possible to determine all functional possibilities 
of a laser head, as well as the optimal parameters of its elements 
for implementing a desired IP distribution. Some simulation 
results can be found, for example, in [16 – 39].

A model disregarding reflection and refraction at the AE 
surface was used in [16 – 21] for laser heads with a pump beam 
focused to the AE centre in order to form a Gaussian IP dis-
tribution; i.e., a problem of linear propagation of light through 
an absorbing medium was solved. In this consideration, the AE 

surface was assumed to be polished. Unidirectional pumping 
with a reflector placed on the AE external surface was used 
in [16 – 18]. The results of simulating laser heads with multi-
side pumped AEs are presented in [22 – 41]. Both diffuse 
(mostly) and mirror reflectors were considered. Among vari-
ous problems in this field, two main directions can be selected 
as limiting cases: (i) formation of a flat (or similar to flat) 
IP  distribution over the AE cross section [22 – 34] and (ii) 
formation of a convex (or similar to Gaussian) distribution 
[35 – 39].

A general feature of all studies in this field is the use of 
pump ray tracing. However, in practically all publications, 
the main features of propagation of partial rays from a pump 
source on their full path (until complete absorption) are not 
described. In addition, the reflection and refraction from all 
surfaces of the elements, scattering from matte surfaces, and 
specific features of propagation of different polarisation com-
ponents are disregarded. A general description of the calcula-
tion technique and the calculation relationships for the IP 
formation, with allowance for all the aforementioned mecha-
nisms, are presented in [33].

In most cases, calculated IP distributions over AE cross 
section are not compared with experimental data; only a 
purely qualitatively comparison can be found in some studies 
[28, 31, 34, 36, 38]. Obviously, the fact that the calculation results 
and experimental data are in only qualitative agreement is 
due to the large number of assumptions in the models used. 
We should note only study [27], where good agreement was 
obtained between the calculation and experiment.

An IP distribution desired for a particular practical appli-
cation was obtained in most cases. A general analysis of the 
functional possibilities for forming IP distributions of different 
types over the AE cross section has not been performed; cor-
respondingly, the parameters of laser head elements allowing 
for implementing these distributions have not been deter-
mined. Exceptions are studies [13, 28, 30 – 34, 39], where IP 
distributions for different parameters of elements are pre-
sented. However, the results obtained were discussed only 
qualitatively in these publications. Generally, the functional 
dependences setting a relationship between the parameters of 
laser head elements and the parameters for which optimisa-
tion was performed were not reported either. Thus, there is no 
complete information about the possibilities of diode-side-
pumped laser heads in the literature.

In this paper, we analyse the functional possibilities of 
forming IP distributions of different types in cylindrical AEs. 
The problem of optimality of a particular IP distribution for 
lasing is beyond the scope of this study; it calls for a separate 
consideration.

Functional possibilities for forming different inverse population 
distributions in diode-side-pumped laser heads 

S.G. Grechin, P.P. Nikolaev, E.A. Sharandin 

PACS numbers: 42.55.Rz; 42.55.Xi; 42.60.Lh
DOI: 10.1070/QE2014v044n10ABEH015384

S.G. Grechin, P.P. Nikolaev, E.A. Sharandin  N.E. Bauman Moscow 
State Technical University, 2-ya Baumanskaya ul. 5, 105005 Moscow, 
Russia; e-mail: paneeque@gmail.com	

Received 20 January 2014; revision received 20 May 2014	
Kvantovaya Elektronika  44 (10) 912 – 920 (2014)	
Translated by Yu.P. Sin'kov



913Functional possibilities for forming different inverse population distributions

2. Physical model of side pumping of an active 
element 

Most axisymmetric schemes of diode side pumping can be 
reduced to a generalised version, which is shown in a sim
plified form in Fig. 1. Its main elements are an AE, an opti-
cally transparent tube, a reflector and a diode pump source. A 
transparent tube is used because the AEs of side-pumped 
SSLs in most of applications call for water cooling. In this 
case, the tube plays a role of an additional optical element. 
The reflector serves to return back to the AE the part of pump 
radiation that was not absorbed in the previous pass through 
the AE. The reflector contains entrance slits, through which 
the pump radiation arrives at the AE.

The AE length in side-pumped laser heads is generally 
much larger than the AE transverse sizes. In addition, the 
pump absorption profile along the element optical axis is 
fairly uniform in most cases. Therefore, the consideration of 
AE pumping in one plane (perpendicular to the AE axis) is 
quite justified. In the design analysed here, the pump source 
can be considered as a point one in the two-dimensional 
approximation (at a small size of the emitting aperture). The 
pump radiation intensity, depending on the propagation angle, 
changes according to the normal law [42]:

( ) ( ) ,exp lnI I 0 2
p

2
q

q
q

= - c m; E 	 (1)

where qp is the half-width of the pump divergence angle (at a 
level of 0.5). 

The physical model based on the results of [33] uses a set 
of partial rays, propagating at different angles in the range 
from –3qp to +3qp. Practically all pump radiation (more than 
95 %) is concentrated in this angular range. Each ray is routed 
through all optical elements and laser head units until its 
intensity reduces to a specified value (from 10–5 to 10–6 of the 
initial value). The propagation of a partial ray is considered 
taking into account the following physical mechanisms, pro
perties and processes. 

(1) Absorption of radiation in all optical elements and 
units according to the Bouguer law [42]:

I(x) = I(0) exp (– ax),	 (2)

where a is the absorption coefficient and x is the distance at 
which absorption occurs.

(2) Reflection and refraction of light at interfaces between 
media, depending on the light polarisation, in accordance 
with the Fresnel formulas [42]:
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where qi is the angle of incidence of a ray at the interface 
between media and qt is the ray refraction angle.

(3) Total internal reflection at the interface between media, 
depending on the light polarisation.

(4) Scattering and depolarisation of light at diffuse and 
matte surfaces.

To calculate the IP distribution, the AE cross section is 
divided into elementary areas, and the absorption in each 
area is calculated independently. The fraction of absorbed 
radiation is determined according to the Bouguer law at a dis-
tance passed by a partial ray over a specific elementary area. 
Ray tracing is performed for several components of the pump 
emission spectrum. The accuracy of the calculation results 
depends on the number of spectral components. For all other 
optical elements the fraction of absorbed radiation is calcu-
lated integrally for the entire AE. The value of the absorption 
coefficient of the material corresponds to the centre pump 
wavelength. Scattering and depolarisation of light at diffuse 
and matte surfaces is simulated by the Monte Carlo method. 
The results of measuring the scattering diagrams of matte sur-
faces with different roughnesses are used in the model.

The laser head parameters are described using the follow-
ing characteristics of the main laser head units. Pump source: 
centre radiation wavelength, lp; spectral width, D lp; diameter 
of the circumference containing pump sources, Dp; pump beam 
divergence angle, 2qp; and light beam polarisation. Active 
element: absorption spectrum, a(l); activator concentration, 
Cae; diameter, Dae; roughness of the lateral cylindrical sur-
face, Rz; and refractive index, nae. Transparent tube: external 
and inner diameters, Dtub1 and Dtub2; roughnesses of the exter-
nal and internal cylindrical surfaces, Rz1 and Rz2, respectively; 
refractive indices of the tube material and coolant, ntub and ncol; 
and absorption coefficients of the tube material and coolant, 
atub and acol. Reflector: reflection coefficient, Rr; diameter, Dr; 
input-window width, s; and surface roughness, Rzr.

One of the purposes of simulating pumping is to calculate 
the pump absorption distribution in the AE at specified initial 
parameters. In this case, the output parameters of the com-
plex simulation problem are the integral efficiency of pump 
energy absorption in the AE and the absorbed energy distri-
bution in the AE volume.

The pump-energy absorption efficiency determines the total 
laser head efficiency and makes it possible to find the energy 
stored at the upper AE laser level (storing efficiency) and the 
small-signal gain.

The absorbed-energy distribution over the AE cross sec-
tion determines two factors (which, in turn, characterise the 
energy and spatial parameters of lasing): IP distribution and, 
correspondingly, the gain distribution in the AE; the heat 
release distribution in the AE volume and, as a result, the 
refractive index inhomogeneities (thermooptical distortions) 
in the cw and repetitively pulsed regimes.

Diode pump source

Transparent
tube

Reflector

Active
element

Figure 1.  Generalised schematic diagram of diode side pumping. 
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The main criterion for optimising a laser head is the 
maximum efficiency of pump energy absorption at specified 
IP and heat release distributions. Here, we consider only the 
functional possibilities of forming IP distributions of different 
types. The feasibillity of forming distributions of thermo
optical distortions is a subject of separate publication.

Special software has been developed based on the above-
described physical model; its interface is shown in Fig. 2. This 
software allows one to set all main parameters of elements 
and units of a diode-side-pumped laser head, perform two- 
and three-dimensional visualisation of calculation results and 
calculate functional dependences. All theoretical results pre-
sented below were obtained using this software.

One of the main problems in designing a diode-pumped 
laser head is to optimise its parameters in order to obtain a 
desired IP distribution in the AE. Various SSL applications 
put different requirements to this distribution. To determine 
it (as well as the distribution of thermooptical distortions), 
one must generally solve the inverse problem of forming 
energy and spatial laser characteristics in the cavity. This is an 
independent problem, which specifies requirements to laser 
head parameters; however, it is beyond the scope of our study. 
As practice shows, among all possible versions, the most 
interesting are monotonic axisymmetric IP distributions, which 
are described by a parabolic function in a polar coordinate 
system (Fig. 3):

Q(r) = Q(0) (1 + pr2),	 (5)

where p is the parabola curvature parameter and r is the rela-
tive radius.

A more illustrative parameter, which describes parabolic 
distributions, is the centre-to-periphery drop of the IP density, 
which is related to the parabola curvature:

d = Q(0)/Q(1) = 1/(1 + p).	 (6)

The correspondence between the calculated and model 
distributions is estimated using the standard deviation from 
the specified distribution according to the expression
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where N is the number of counts in the distribution, Qi are the 
counts for the calculated distribution, and Qi

* are the counts 
for the specified distribution.

Distributions may contain large amplitude spikes, the so-
called hot points, which cannot be taken into account using 
the standard deviation parameter if their number is small. In 
this case, one must use the parameter of maximum amplitude 
spikes for estimation:
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3. Analysis of functional relationships between 
laser head parameters. Invariants of parameters

Simulation of transverse AE pumping involves a large number 
of free parameters; in addition, many physical processes and 
mechanisms must be taken into account. Therefore, one of 
the main problems of theoretical analysis is the search for 
complex parameters (invariants), which describe laser heads 
with identical integral output parameters. Invariants establish 
a relationship between the parameters of laser head elements 
that allow one to perform generalised analysis of distributions 
formed and laser head scaling.

A simple geometric analysis of the paths of rays from the 
pump source through all optical elements of the laser head 
(disregarding the AE absorption) suggests the following basic 

Figure 2.  Software interface.

a

b

c

p < 0

p = 0

p > 0

Figure 3.  Parabolic IP distributions over the AE cross section with dif-
ferent curvatures p.
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conclusion. The pump absorption efficiency in the AE and 
the IP distribution in it depend on the ray-path density, which 
determines the proximity of the paths of rays from the pump 
source to the AE axis; this characteristic can be described by 
the parameter

.
sin

Inv D
D

ae

p p
1

q
= 	 (9)

This relation can also be presented as the ratio of the 
transverse size of the pump spot in the AE to the AE trans-
verse size. The smaller this ratio, the higher the pump absorp-
tion efficiency is obtained in the AE (as well as the smaller the 
distance between the ray paths is and the more convex IP dis-
tribution is obtained in the element) and vice versa.

In practice, the AE absorption coefficient affects primar-
ily the light absorption efficiency and the IP distribution. It is 
convenient to perform estimations using a universal parame-
ter, which is independent of the pump source type and the AE 
type: the effective integral absorption coefficient Z, which is 
defined as the overlap integral of the pump source spectrum 
and the AE absorption spectrum:
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where P( l) is the pump intensity and a( l) is the AE absorp-
tion coefficient.

The characteristic distance at which pump radiation is 
absorbed is the AE diameter. Therefore, the laser head effi-
ciency and the IP distribution in the AE can be determined by 
one more parameter, which was widely used when designing 
laser heads with flashlamp pump sources [43]:

Inv2 = ZDae.	 (11)

An analysis of the results of numerical calculations of 
transverse AE pumping shows that Inv1 and Inv2 are invariants 
of laser head parameters. Provided that other parameters 
are the same, laser heads with identical Inv1 and Inv2 values 
(independent of the combinations in which the parameters 
enter them) have identical energy absorption efficiencies and 
identical IP distributions.

Let us now consider the results of the numerical analysis 
of the functional dependences by an example of YAG : Nd3+ 
AE. For a single pump source, the IP distribution along 
the pump beam propagation direction is always descending. 
When there are several pump sources, these distributions are 
summed in the intersection regions. Figure 4 shows the IP 
distribution in AE at Inv1 = 1.0 and Inv2 = 3.0 and different 
numbers of pump sources n (in the absence of a reflector). 
It can be seen that the IP distributions become more uniform 
with an increase in the number of pump sources and practi-
cally stop changing beginning with some n value. This holds 
true for any pair of Inv1 and Inv2 values, which determine only 
the minimum number of sources necessary for uniform distri-
bution. In most cases, for the optimal values of these param-
eters, the minimum necessary number of sources is 7. 
Specifically this number of sources will be used in the calcula-
tions below.

According to the calculation results, introduction of a 
reflector into the pump scheme does not affect much the char-
acter of the IP distribution but increases the pump absorp-

tion efficiency (Fig. 5), which depends primarily on the Inv2 
value. The reason is that the reflector and pump sources are 
generally located in the same circumference; therefore, the 
geometric path of rays through all optical elements of the 
laser head after reflection practically repeats their path prior 
to reflection. However, the presence of a reflector and its 
characteristics affect small-scale inhomogeneities of the IP 
profile (hot points).

The influence of the width of entrance slits in the reflector 
on the pump absorption efficiency is demonstrated in Fig. 6. 
The pump source is placed at a distance of 0.5 – 1.0 mm from 
the tube surface. Radiation vignetting reduces the efficiency 
for narrow slits. The pattern of the IP distribution changes as 
well. The effective area of reflector decreases with increasing 

n = 1 n = 3 n = 5

n = 7 n = 9 n = 11

n = 21 n = 31

Figure 4.  IP distributions over the AE cross section for different numbers 
of pump sources at Inv1 = 1.0 and Inv2 = 3.0.
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Figure 5.  Dependences of the pump absorption efficiency on the reflec-
tion coefficient of the reflector at Inv1 = 1.0 and different Inv2 values.
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slit size. The optimal slit size is chosen as a boundary value, 
after which the efficiency begins to fall more rapidly.

Matting of the AE and glass tube lateral surfaces or the 
use of a diffuse reflector decreases the energy absorption effi-
ciency and makes the IP distribution more uniform. Figure 7 
shows the calculated IP distributions for polished and matte 
(treated by М28 abrasive) AEs. Matting of this type reduces 
several times the distribution inhomogeneity.

The first complex parameter Inv1 is determined by the 
diameter of the circumference on which the pump sources are 
located, as well as the AE diameter and pump beam diver-
gence. Table 1 contains IP distributions and energy absorption 
efficiencies for pumping by seven sources with a reflector, for 
different combinations of Dp, Dae, and 2qp that yield identical 
Inv1 values. With a change in Dae the Z value changed corre-
spondingly to retain the Inv2 value invariable. These results 
show that the IP distribution and energy absorption efficiency 
are identical for the same Inv1 values, provided that the other 
laser head parameters are identical. This result, observed inde-
pendently of the set of other initial parameters, confirms that 
Inv1 is an invariant of laser head parameters.

Below we present similar results for the second complex 
parameter Inv2, which is determined by the AE diameter and 
effective absorption coefficient Z (it is directly proportional to 
the activator concentration Cae). According to expression (10), 

the effective absorption coefficient is determined by the AE 
absorption spectrum and the pump emission spectrum (spe-
cifically, by the centre wavelength and spectral width). Figure 8 
shows the dependence of the effective absorption coefficient 
on the pump wavelength at different widths of the emission 
spectrum for an YAG : Nd3+ AE with an activator concentra-
tion of 1.0 %; the real absorption spectrum of the AE is con-
sidered. It is preferable to use radiation sources with a wider 
spectrum in laser heads. In this case, the laser head charac
teristics are more stable to temperature variations. The desired 
value of the effective absorption coefficient can be chosen by 
changing the activator concentration in the AE.

Table 2 contains IP distributions and energy absorption 
efficiencies in the case of a pump scheme with seven sources 

h (%)

80

60

40

20

0 1 2 3 4 5 s/mm

Figure 6.  Dependence of the pump absorption efficiency on the width 
of the reflector input slits at Inv1 = 1.0 and Inv2 = 3.0.

s = 4.1%
Dmax = 41.9%

s = 2.86%
Dmax = 22.6%

a b

Figure 7.  IP distributions over the AE cross section for (a) polished and 
(b) matte elements.

Table  1.  IP distributions and energy absorption efficiencies for dif
ferent combinations of Dp, Dae and 2qp.

Inv1
Dae / 
mm

Dp / 
mm

2qp / 
deg

Inv2 = 2.0 Inv2 = 3.0

    Profile h (%)     Profile h (%)

1.0

5.0 15.0 40 82.8 85.0

7.0 27.0 30 83.7 85.6

2.0

5.0 24.0 50 51.5 53.0

7.0 28.0 60 52.1 53.4

Z/cm–1

6

4

2

0
802 804 806 808 810 812 l/nm

1.5 nm
2.0 nm
2.5 nm
3.0 nm
5.0 nm

Figure 8.  Dependences of the effective absorption coefficient on the pump 
wavelength at different pump spectral widths for an YAG : Nd3+ AE 
with an activator concentration of 1.0 %.
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and a reflector, for different combinations of Dae and Z, which 
yield the same value of the parameter Inv2. When changing 
Dae, the Dp value was changed correspondingly to retain the 
Inv1 value. The results show that the IP distribution and 
energy absorption efficiency are identical for the same Inv2 
values, with other laser head parameters chosen arbitrarily. 
This result is independent of the set of other initial parame-
ters. Thus, we can conclude that Inv2 is also an invariant of 
laser head parameters. As was mentioned above, to choose 
optimal values of invariants, one must use the criterion of the 
maximum pump absorption efficiency at a specified IP distri-
bution. The degree of correspondence between the distribu-
tion obtained and the desired one is characterised by the stan-
dard deviation and maximum spike amplitude Dmax. Let us 

consider as an example the choice of optimal values of invari-
ants for obtaining a uniform IP distribution.

Figure 9 shows functional dependences of the pump absorp-
tion efficiency, as well as the standard deviation and maxi-
mum spike amplitude, for the IP distribution in AE. The 
pump efficiency monotonically decreases with increasing 
Inv1 and decreasing Inv2, whereas the standard deviation and 
the maximum amplitude of separate spikes have practically 
coinciding minima. The optimal value of the invariants lies 
specifically in the vicinity of minimum in the standard devia-
tion distribution. The results for an arbitrary set of laser head 
parameters are similar. The optimal values of Inv1 and Inv2 
for a uniform IP distribution are, respectively, 1.0 and 3.0.

The search for optimal values of invariants is a two-
parameter problem. For any set of laser head parameters and 
a specified IP distribution, the value of standard deviation 
and maximum spike amplitude have one global minimum in 
the functional dependence on Inv1 and Inv2. Figure 10 shows 
this two-parameter dependence of standard deviation for a flat 
distribution profile. This character of the dependence allows 
one to use one-dimensional functional dependences (as in Fig. 9) 
to search for optimal invariants.

Table  2.  IP distributions and energy absorption efficiencies for dif
ferent combinations of Dae and Z.

Inv2
Dae / 
mm

Z /
cm–1

Inv1 = 0.5 Inv1 = 2.5

    Profile h (%)     Profile h (%)

1.0

5.0 2.0 82.8 40.6

7.0 1.4 83.5 40.6

4.0

5.0 8.0 97.2 44.5

7.0 5.7 97.6 44.3
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a b

Figure 9.  Dependences of the ( 1 ) light absorption efficiency, ( 2 ) standard deviation and ( 3 ) maximum spike amplitude on (a) Inv1 at Inv2 = 3.0 and 
(b) Inv2 at Inv1 = 1.0. For clarity, the IP distributions in the AE for specific Inv1 and Inv2 values are presented.

Inv2

3.5
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2.0
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s (%)

35
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Figure 10.  Two-parameter dependence of the standard deviation on 
Inv1 and Inv2 for a flat distribution profile. 
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There are specific pairs of optimal invariant values for dif-
ferent profiles of absorbed energy distributions. Figure 11 
shows the optimal values of invariants Inv1 and Inv2 for dif
ferent parabolic profiles of the energy absorbed in AE, char-
acterised by a quantity d (6).

4. Comparison of experimental data  
with calculation results 

4.1. IP distribution over the AE cross section 

One can only indirectly estimate experimentally the IP distri-
bution (for example, from the luminescence intensity distribu-
tion over the AE cross section). Experiments were performed 
using an AE from an YAG : Nd3+ crystal (with a diameter of 
6.0 mm and an activator concentration of 1.1 %) and tubes (with 
diameters of 19, 23 and 27 mm) having a reflecting coating on 
the external surface. Seven pump units were located on the 
AE perimeter. The pump beam divergence was 40°. Measure
ments were performed in the range of pump wavelengths 
from 803.9 to 808.6 nm; the pump spectral width was 1.7 nm. 
To reduce the influence of the luminescence amplification, the 
light scattered from the matte generatrix surface of the AE, and 
the diffraction effects, the luminescence intensity was measured 
at low pump currents, short AE illumination length and, cor-
respondingly, a medium with a low gain.

Table 3 contains measured luminescence intensity distri-
butions and calculated IP distributions in the AE for different 
Inv1 and Inv2 values. The experimental data are in good agree-
ment with the calculation results; in addition, they justify the use 
of the proposed invariants to optimise laser head parameters. 
The experiments showed that one can change the transverse 
IP distribution at the AE centre in wide limits (from minimum 
to maximum) by changing the pump wavelength and reflector 
diameter.

Note that the luminescence intensity distribution does not 
completely correspond to the IP distribution in the AE: it is 
more smoothed and averaged, because it is the integral lumi-
nescence intensity distribution from the illuminated AE region 
that is experimentally recorded. In addition, the luminescence 
intensity is maximal at the periphery due to the scattering and 
diffraction of light from the AE lateral surface.

4.2. Pump absorption efficiency

The second laser head characteristic under consideration – 
pump absorption efficiency – cannot be measured directly. 
One can estimate it only indirectly in terms of the laser head 
gain characteristics, which make it possible to determine the 
absorbed and stored energies.

The laser head gain characteristics in the single-pass regime 
were measured using a master oscillator based on a passive 
Q-switched microchip YAG : Nd3+ laser (1.064 mm). The 
master oscillator output radiation was single-mode and single-
frequency; the pulse energy and width were 0.3 mJ and 
0.7 – 1.0 ns, respectively; and the beam diameter was 0.8 mm. 
A telescope with a magnification of 2.5´ was installed at the 
master oscillator output. Accordingly, the beam diameter at the 
amplifier input was 2 mm. The amplifier was designed based 
on a diode-side-pumped laser head; the AE was a YAG : Nd3+ 
crystal 6.0 mm in diameter, with an activator concentration of 
1.1 %. The parameters of the laser head under study were the 
same as in Section 4.1. The pump energy of the amplifier was 
280 mJ.

The small-signal gain was measured at two working tem-
peratures: the optimal temperature (at which the gain reached 
maximum) and a temperature higher by 8 °C. The invariants 
of the laser head parameters at the optimal temperature were 
Inv1 = 1.0 and Inv2 = 2.4. The change in temperature by +8 °C 

0.5 1.0 1.5 d

Inv2

4.2

3.9

3.6

3.3

3.0

2.7

2.4

2.1

1.8

1.5

Inv1

1.4

1.3

1.2

1.1

1.0

0.9

0.8

0.7

0.6

0.5

Inv1

Inv2

Figure 11.  Dependences of the optimal values of invariants on parameter 
d for parabolic distributions of the energy absorbed in AE.

–0.323 –0.095 0.062 0.357

–0.318 –0.103 0.061 0.346
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Table  3.  Distributions of the measured luminescence intensity (E) and 
calculated IP (C) over the AE cross section for different Inv1 and Inv2 
values and an AE with a diameter of 6.0 mm and activator concentration 
1.1 %. The curvature of the corresponding parabolic profile is indicated 
in each image [see (5)].
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corresponds to a change in the pump wavelength by approxi-
mately 2 nm. Calculations show that this change leads to an 
increase in the effective pump absorption coefficient in the 
AE from 4.0 to 6.2 cm–1 and in Inv2 from 2.4 to 3.7. In accor-
dance with the general properties (see above), the IP distribu-
tion becomes more uniform and the absorbed energy density 
at the AE centre decreases with increasing total absorbed 
energy of light throughout the entire AE volume. Since the 
amplified beam passes through the paraxial AE region, this 
effect reduces the gain.

The AE gain k in the pumped region and the average 
stored energy density Qst in the AE region limited by the 
amplified-beam size are determined in terms of the small-signal 
gain G0 as

,lnk L G L
L1

p p

ae
0 b= + 	 (12)

Qst = (ln G0 + bLae) Qsat,	 (13)

where Lae = 120 mm is the AE length; Lp = 10 mm is the 
length of pumped AE region, bae = 0.008 cm–1 is the absorp-
tion loss factor in the AE, and Qsat = 0.58 J cm–2 is the satura-
tion energy density for YAG : Nd3+ [44] (this value was chosen 
based on experiments and results of lasing simulation).

Table 4 contains measured values of the small-signal gain 
G0 and calculated values of gain k of the medium and stored 
energy density Qst at the AE centre for the two aforementioned 
temperatures.

The amplified-beam diameter was smaller than the AE 
diameter in our experiment; therefore, the gain characteristics 
were estimated from the average energy density stored in the 
central AE region, limited by the beam size. This estimate is 
sufficient for comparison with the calculation results, because 
previous measurements showed good agreement between the 
experimental and calculated IP distributions. If the pump energy 
and the distribution of the energy absorbed in the AE are 
known, one can estimate the average pump energy density for 
the central AE region, limited by the amplified-beam diameter:

Qp = Ep h
(c)
abs /Sb ,	 (14)

where Sb is the area of the central AE region, limited by the 
amplified-beam diameter, and h(c)abs is the fraction of the pump 
energy absorbed in the central AE region. The calculations 
were performed for Sb = 0.03 cm2 and Ep = 280 mJ. At the 
optimal working temperature, h(c)abs = 8.6 %, whereas for a 
temperature changed by +8 °C, h(c)abs = 7.3 %.

Using expressions (13) and (14), one can estimate the energy 
stored in the central AE region:

hst = Qst /Qp.	 (15)

The limiting efficiency of pump energy storage at the 
upper laser level, with allowance for the finite particle lifetime 
and the quantum defect of laser transition, is determined as

/
( / )

,
exp1( )lim

st
p up

p up

gen

ph
t t

t t
l
l

=
- -

	 (16)

where tup = 230 ms is the particle lifetime at the upper laser 
level, tp = 200 ms is the pump pulse width, lp = 806.5 nm is the 
pump wavelength and lgen = 1064.2 nm is the lasing wave-
length. For these values, the limiting efficiency of pump energy 
storage throughout the total AE cross section was found to be 
50.6 %.

Using expressions (15) and (16), one can determine the 
pump absorption efficiency in the AE:

habs = hst /hst
(lim).	 (17)

Table 5 contains the values calculated using expressions 
(14), (15), and (17). The pump absorption efficiency is 71.8 % 
for the optimal working temperature and 74.9 % for the tempe
rature increased by 8 °C. According to the calculation results, 
the absorption efficiency is 75.8 % for the nominal working 
temperature and 78.2 % for the temperature increased by 8 °C. 
The discrepancy in the experimental data and calculation 
results does not exceed 5 %, which indicates that the theoreti-
cal model in use adequately describes the pump processes 
occurring in the laser head.

5. Conclusions

The complete physical model of side diode pumping of cylin-
drical AEs, proposed in this study, is an efficient tool for 
designing laser heads. We considered the functional possibili-
ties of forming IP distributions of different types in the AE 
and found the invariants determining the relationship between 
the parameters of laser head elements. The experimental data 
showed good agreement with the calculation results, in both 
the pump absorption efficiency and implemented IP distribu-
tions. We did not consider the problems related to the forma-
tion of thermo-optical phase inhomogeneities in the AE, 
which is a subject of a further study.
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