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Abstract.  A repetitively pulsed operation regime of neodymium 
glass rod laser amplifiers with apertures of 4.5, 6, 8.5, and 10 cm is 
analysed using experimental data. The limits of an increase in the 
pulse repetition rates are determined. Universal dependences are 
obtained, which help finding a compromise between increasing the 
repetition rate and enhancing the gain for each particular case. In 
particular, it is shown that an amplifier 4.5-cm in diameter exhibits 
a five-fold safety factor with respect to a thermo-mechanical break-
down at a repetition rate of 1 pulse min–1 and stored energy of above 
100 J. A strong thermally induced birefringence in two such ampli-
fiers is experimentally reduced to a ‘cold’ level by employing a 90° 
optical rotator.

Keywords: neodymium glass amplifiers, repetitively pulsed opera-
tion regime, thermally induced polarisation and phase distortions of 
radiation, compensation of depolarisation.

1. Introduction

Neodymium glass laser amplifiers are widely used in numerous 
laser  devices  of  a  petawatt  power  level.  All  existing  and 
designed petawatt lasers are divided into the three types: with 
a neodymium glass  active medium  [1],  sapphire  (corundum 
with titanium) medium [2], and lasers with parametric ampli-
fication on KDP and DKDP crystals [3]. In the second and 
third  types  of  lasers,  radiation  of  a  neodymium  glass  laser 
transformed into second harmonic is used for pumping either 
a sapphire crystal or a parametric amplifier of chirped pulses, 
respectively.

The main advantage of neodymium glass  is a possibility 
to fabricate large-aperture active elements, capable of storing a 
large amount of energy and operating at a relatively low inten-
sity of laser radiation below an optical breakdown threshold. 
However,  a  relatively  low  thermal  conductivity of neodym-
ium glass noticeably limits the repetition rate of laser pulses. 
A principal limitation is a breakdown of an active element if 
admissible  elastic  stresses  are  exceeded.  If  the  time  lapse 
between pump pulses is shorter than a characteristic cooling 
time for the active element, then a gradual accumulation of 
heat inside the active medium would noticeably change polar-
isation and phase of radiation due to a photoelastic effect.

Thermally induced birefringence was thoroughly studied 
theoretically  and  experimentally  in  [4 – 13]. Nevertheless,  in 
publications devoted to operation of lasers with a pulse energy 
W L 100 J,  the problem of  thermally  induced birefringence 
was not actually discussed. For example, less than 3 % of all 
polarisation losses on the ‘Omega’ laser complex reported in 
[14] are discussed. Such a situation is typical for a single pulse 
regime where heat is not accumulated from shot to shot, and 
heating the active element by single pulses is sufficiently uni-
form and induces no noticeable elastic stresses.

In  [15], we  studied  a  repetitively  pulsed  regime of  high-
power  large-aperture  laser amplifiers with neodymium glass 
active media with diameters of 6, 8.5, and 10 cm under repeti-
tively pulsed pumping with the period of 3 min. Such amplifiers 
constitute  a  pump  system  of  a  parametrical  laser  setup 
PEARL (PEtawatt pARametrical Laser) with an output power 
of  0.56 PW  [3]. The  time of  rod  cooling-down  t  is  propor-
tional to the square radius of the rod. Just amplifiers with a 
greater diameter undergo higher thermal load because, under 
intense cooling of the rod generatrix, the time is t = R2/(5.76 Z), 
where R is the rod radius and Z is thermal diffusivity factor. 
By the results of depolarisation measurements the increase in 
rod temperature caused by a single pump pulse was calculated 
in [15] using a relationship between the depolarisation of radi-
ation and distribution of temperature. From known tempera-
ture distributions arising in rods after a single pump pulse, we 
calculated dynamics of temperature and of thermally induced 
lens and then estimated thermally induced elastic stresses in 
the active elements. In the active element with the diameter D1 
= 10 cm the thermally induced stresses were 15 % (30 %) of the 
threshold  value  at  the  repetition  rate  of  1  pulse  per  3  (1.5) 
min. For increasing the pulse repetition rate one may reduce 
the energy of the discharge in pump flashlamps of large-aper-
ture amplifiers (this reduces a heat load on the active element, 
but lowers the stored energy) or employ a new laser scheme 
comprising  active  elements  of  shorter  diameter  capable  of 
operating at higher pulse repetition rates without destruction.

In  the  present work, we  experimentally  study  thermally 
induced effects in an amplifier 4.5-cm in diameter in the oper-
ation regime with the pulse repetition period of 1 min. Using 
these  measurements  and  results  presented  in  [15]  we  thor-
oughly  analysed  thermally  induced  effects  in  the  amplifiers 
under  study  at  arbitrary  repetition  rates  of  pump  pulses. 
Then, we plotted dependences, which in every particular case 
allow one not only to determine a maximal admissible repeti-
tion rate, but also to find a compromise between the repeti-
tion rate raise and gain increase.

Based on the results obtained, we suggest a project of a 
neodymium  laser with  the  pulse  energy  of  340  J  (the  pulse 
duration of 20 ns) and the pulse repetition period of 1 min. 
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Second harmonic of the laser radiation is used for pumping a 
Ti : Sapphire  crystal  of  a  chirped  pulse  amplifier. Main  load-
bearing elements of the setup are neodymium glass rods with 
the diameter of 4.5 cm already tested at the repetition rate of 
1 pulse min–1. Strong thermally induced distortions of radia-
tion are  supposed  to be  compensated by a  90° polarisation 
rotator.

2. Parameters of studied rod active elements 
made of neodymium glass

Results of an experimental study of thermally induced radia-
tion distortions are published in [15] for KGSS-1621 neodym-
ium  glass  rods  (the  parameters  of  glass GLS-22,  similar  in 
physical properties, are given in [16]) with the diameters of 6, 
8.5, and 10 cm employed in amplifiers with the pump pulse 
repetition  period  of  3 min.  In  the  present work, we  present 
results of similar  investigations with a  rod of  the  same  type 
and the diameter of 4.5 cm at a pulse repetition period of 1 
min (see Section 3). Main characteristics of the amplifiers under 
study are given in Table 1. The active elements with diameters 
of  6,  8.5,  and  10  cm were  pumped by  eight  IFP-8000  flash-
lamps. A maximal pump energy Wp was 36.5 kJ (two capacitors 
200 mF each could be charged up to 13.5 kV [17]). The active 
element with a diameter of 4.5 cm was pumped by six IFP-
5000-2 flashlamps. A maximal pump energy in this case was 
23.8 kJ (three capacitors 324 mF each charged up to 7 kV).

In  all  the  experiments,  we  used  quantrons  with  mirror 
reflectors. Figure 1 shows the amplifier cross sections. Each 
section of the reflector has the ‘Winston’ shape [18]. Such a 
reflector efficiently transfers the energy from the lamp surface 
to the surface of an active element. Cylindrical surfaces of the 
active element (with the diameter D1), water around the element 

(D2), and a glass bulb (D3) affect focusing of radiation onto the 
active element, and hence,  influence  the amplifier  efficiency 
and gain cross-section distribution in the active element [17]. 
The  active  elements were  cooled  by  flowing water with  the 
entry temperature stabilised within an accuracy of ±0.1 K. In 
Table 1, for the amplifiers studied, the small-signal gain aver-
aged over the aperture of an active element 〈G0〉 is given along 
with  the  stored  energy Wst  at  a maximal pump  energy Wp. 
In calculating Wst we assumed  the  saturated energy density 
for neodymium glass 3.5 J cm–2 and made allowance for non-
uniform gain cross-section distribution in the active elements 
[15, 17].

In Fig.2, the energy stored in the active elements is shown 
versus the pump energy. The experimental results are approx-
imated by curves of  the  type Wst = W1tanh(Wp /W2), where 
the parameters W1 and W2 for each active element are given 
in Table  1. Below,  this  formula will  be used  for  analysing 
possible operation regimes of the amplifiers. Note that at low 

Table 1. Characteristics of investigated laser amplifiers.

D1/  L/ D2/  D3/  [Nd3+]/  Z/  Flashlamp 
Nl  Nst

  C/  Umax/  Nl/Nst
  Wp /  〈G0〉

  Wst /  W1/  W2 /
cm  cm  cm  cm  1020 cm–3  10–3 cm2 s–1  type      mF  kV    kJ    J  J  kJ

4.5  25  4.8  5.4  0.86  2.8  IFP-5000-2  6 (Fig. 1a)  3  324  7  2  23.8  7.4  112  113.2  8.6 
6  25  9.5  10.0  0.56  2.0  IFP-8000  8 (Fig. 1b)  2  200  13.5  4  36.5  6.5  184  191.7  19.0 
8.5  25  10.8  11.4  0.29  2.5  IFP-8000  8 (Fig. 1b)  2  200  13.5  4  36.5  3.8  264  284.8  22.3 
10  25  10.8  11.4  0.33  2.5  IFP-8000  8 (Fig. 1b)  2  200  13.5  4  36.5  2.8  282  287.9  15.9

Note:  L is the length of active element, N1 is the number of flashlamps, Nst is the number of capacitive storages, C is the capacity of a capacitive storage, 
N1/Nst is the number of flashlamps per capacitive storage (connected in series).
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Figure 1. Cross sections of amplifiers comprising six pump flashlamps 
(the  diameter  of  active  element  is  4.5  cm)  (a)  and  eight  pump  flash-
lamps (the diameter of active element is 6, 8.5, or 10 cm) (b).
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Figure 2. Energy stored in active elements with the diameters of 4.5 cm (a), 
6 cm [b, curve ( 1 )], 8.5 cm [b, curve ( 2 )], 10 cm [b, curve ( 3 )] vs. the 
pump  energy. Dots  present  experimental  results  and  solid  curves  are 
the results of interpolation.
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pump energies there are no experimental points for the active 
elements with the apertures of 6, 8.5, and 10 cm in Fig. 2b. 
This is explained by specific technical ignition of flashlamps. 
In the amplifier with the active element diameter of 4.5 cm, 
two flashlamps connected in series were initiated by a current 
pulse from an external ignition unit. Parameters of the pulse 
were independent of the voltage across capacitors; hence, the 
pump  lamps  operated  at  a  low  charge  as well.  In  all  other 
amplifiers, four flashlamps connected in series were initiated 
by  a  pulse  formed  in  an  additional  low-energy pre-ionising 
contour;  thus,  ignition of  lamps only occurred  at  a  voltage 
above a certain threshold value (~10.5 kV) [17].

3. Measurement of thermally induced radiation 
distortions in an active element with  
a diameter of 4.5 cm

Thermally  induced  distortions  of  radiation  in  the  rod  with  a 
diameter of 4.5 cm were studied at the pulse repetition period 
of  1  min.  At  so  high  a  repetition  rate,  the  temperature  of 
flashlamps raises in addition to active element heating. Under 
such conditions, a quartz bulb of the flashlamp becomes dim 
and heat expansion leading to high elastic stresses near places 
of  lamp attachment  to a quantron case may breakdown the 
lamp. Such phenomena were observed in experiments with the 
active element 6 cm in diameter. Air in the space of the quan-
tron where the flashlamps reside (between a metal case and 
water bulb with an active element) behaves as a thermos pre-
venting lamp cooling after shots. In the operation regime of 1 
shot per 2 min (the energy of lamp discharge was 36.5 kJ), the 
flashlamps were broken after a series of 27 shots. In the exper-
iments with the active element 4.5 cm in diameter in the oper-
ation regime of 1 pulse min–1,  the flaslamps were cooled by 
flowing air at room temperature in order to prevent flashlamp 
breakdown and dim. The active element was cooled by flow-
ing water. The pump energy was 17.5 kJ.

Particular attention in our experiments was paid to ther-
mally  induced depolarisation of radiation. The depolarisa-
tion was measured  by  linearly  polarised  probe  pulses  at  a 
repetition  rate  of  1  Hz.  The  active  element  was  placed 
between crossed polarisers. The value of depolarisation was 
determined from the ratio of  input and output  laser radia-
tion intensities.

Based on the depolarisation measurements by the method 
described in [13, 15] we calculated a temperature distribution 
in a rod after a single pump pulse (at the instant of the electric 
discharge termination in the flashlamps). Then, we modelled 
a  dynamics  of  temperature  distribution,  thermally  induced 
lens, and depolarisation over  the whole pulse  series. Elastic 
and  optical  characteristics  of KGSS-1621  glass were  chosen 
equal to those of GLS-22 glass from [16]. A radial tempera-
ture distribution after a single pump pulse is shown in Fig. 3a. 
In Fig. 3b, the corresponding distributions are shown for rods 
with the diameters of 6, 8.5, and 10 cm [15]. To a sufficient 
accuracy we may assume that the temperature is proportional 
to the pump energy, i.e., two values of energy Wp1 and Wp2 are 
related with corresponding  temperature distributions DT1(r) 
and DT2(r) by the relationship DT1(r)/DT2(r) = Wp1 / Wp2. The 
assumption is experimentally confirmed: the temperature dis-
tributions  in  a  rod  with  the  diameter  of  4.5  cm  calculated 
from measured thermally induced depolarisation of radiation 
at the pump energies of 17.5 kJ and 14.6 kJ obey the above 
formula.

Figure 4  shows  the dynamics of  the  integral depolarisa-
tion factor g, which is the ratio of the energy of radiation that 
is polarised normally to incident radiation, to the total beam 
energy at the exit from the active medium. The pump pulse 
repetition  period  is  1  min.  The  figure  demonstrates  both 
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Figure 3. Temperature distributions in active elements with the diameters 
2R = 4.5 (a), 6 [b, curve ( 1 )], 8.5 [b, curve ( 2 )], and 10 cm [b, curve ( 3 )] 
after a single pump pulse with  the energy Wp equal  to 17.5 J  (a) and 
36.5 J (b); áDT 〉 is the temperature of the active element averaged over 
its aperture and counted relative the temperature of cooling liquid.
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establishment of a stationary regime and relaxation of depo-
larisation after each pump pulse.

Figure  5  presents  the  cross-section  distributions  for  a 
depolarisation factor G (the ratio of the intensity of radiation, 
polarised normally to an incident radiation, to the total inten-
sity) at an exit from the active medium one second after the 
first pump pulse and in various time lapses after the terminating 

pump pulse in the series. One can see from Figs 4 and 5 that 
experimental data well agree with the theoretical approach.

Figure 6 shows the calculation results of radial distribu-
tions for eigenwave phases and temperature in an active ele-
ment  for  a  stationary  ragime,  i.e.,  after  heat  equilibrium  is 
established. In rod geometry, due to cylindrical symmetry and 
glass isotropy there are two eigenwaves with radial and tan-
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gential  polarisations  in  the  active  element. We  will  denote 
the phase  incrusions  in the active medium by Dyr and Dyf, 
respectively. Their difference d = Dyf – Dyr determines  the 
factor of radiation depolarisation. The depolarisation factor 
for linearly polarised radiation at the entry into the active ele-
ment  is described by  the  formula G = sin2(2f) sin2(d(r, t)/2). 
This expression is basic in our calculations of Dyr and Dyf (see 
[15]). We may also introduce the parameter dR(t) = d(r = R, t), 
which  characterises  the  difference  between  induced  phase 
incrusions for the eigenwaves at the surface of the active ele-
ment.

Analysing  Fig.  6b,  one  can  see  that  except  for  a  small 
domain at the active element surface, the dependences Dyr, f(r) 
are almost parabolic: Dyr, f(r) » – pr2/(lFr, f), where l  is the 
wavelength of laser radiation. The focal distances Fr and Ff 
(for  the  radial  and  tangential  polarisations,  respectively)  of 
thermally induced lens are 120 and 2500 m. The focal power 
for the tangential polarisation 1/Ff  is so small that its accu-
racy  is  above  100 %. For  example,  a  variation of  dn/dT  by 
3 %, which was used in our calculations, may even change the 
sign of Ff.

Astigmatism (Dyr ¹ Dyf) and depolarisation of radiation 
may  be  compensated  simultaneously  by  a  90°  polarisation 
rotator placed between two similar active elements. In such a 
scheme, the resulting phase is Dy2 = Dyf + Dyr; it is indepen-
dent of the polarisation state at the system input. The para-
bolic component of the lens in this case may be excluded by 
introducing  an  additional  detuning  to  telescopes  placed 
between the active elements.

Higher-order aberrations are noticeable at rod periphery 
and their influence considerably depends on the diameter and 
shape of the laser beam. Note that the phase distributions in 
Fig. 6b are obtained under the assumption that heat release in 
the active element due to a pump pulse has already finished at 
the instant of laser pulse passing. Actually, the amplified laser 
pulse comes at the moment of maximum population inversion 
and occurs yet before the pump pulse stops. A real temperature 
distribution at the instant of laser pulse onset resides between 
the distributions shown in Fig. 6a. Thus, the calculated aber-
rations of the thermally induced lens (see Fig. 6b) are upper 
estimates of real aberrations. The remarks made above have 
actually no effect on the calculated focal distances Fr and Ff.

Physical properties of KGSS-1621 glass are such that the 
phase  incrusion Dyr  of  the  radially  polarised wave  is much 
greater than that of the tangentially polarised wave Dyf (see 
Fig. 6b) and we may assume d(r, t) » – Dyr. On the other hand, 
during stationary laser operation we have d(r, t) » dR(t)r2/R2. 
Hence, the focal distance of the thermally induced lens for the 
radially polarised  radiation may be estimated  from the  for-
mula Fr » pR2/(ldR(t)), whereas phase distortions of the tan-
gentially  polarised  wave  may  be  neglected.  The  parameter 
dR(t) determines the number of radial variations (circles) in a 
stationary distribution of  the depolarisation  factor; hence,  it 
may be easily estimated experimentally. Distributions of the 
depolarisation factor corresponding to various values of dR(t) 
are shown in Fig. 5.

4. Analysis of thermally induced effects at 
various pulse repetition rates and pump energies

Active element surfaces undergo thermo-mechanical destruc-
tions to a greater degree, which is explained by numerous sur-
face  defects  (microcracks,  etc.)  [5].  For  a  cylindrical  active 
element, an elastic  strength at a surface  is given by  the  for-

mula  [5]: s = aE(〈T 〉  – T )/(1  – n), where a  is  the  thermal 
linear expansion coefficient, E is the Young modulus, n is the 
Poisson ratio, T and 〈T 〉 are the surface and average rod tem-
peratures, respectively. The utmost permissible value of slim 
is determined by the glass heat resistance dT = (〈T 〉 – T )lim. 
We  employed  a  phosphate  KGSS-1621  glass  and  assumed 
dT = 38 K (such heat resistance, according to [16], is specific 
for GLS-22 glass). The utmost elastic stresses slim in this case 
may be  estimated  as  30 MPa.  In what  follows,  considering 
elastic stresses we will assume the rod surface stresses.

Consider a  repetitively pulsed  laser operation where  the 
pump pulses of equal energy are repeated at a repetition rate 
f. In such a regime, a stationary regime is established, in which 
the heat absorbed by active elements per single pump pulse is 
equal to the heat removed from their surfaces during a time 
lapse between neighbouring pulses. To describe the stationary 
state we will use the parameter dR(t = tp – 0) which charac-
terises  the  difference  in  thermally  induced  phase  incrusions 
for eigen waves at the surface of active element at the instant 
just before passing a next pump pulse. In what follows, if no 
argument is specified for dR we will assume dR(t = tp – 0).

As was already mentioned, the heat problem is linear one; 
hence, it is reasonable to transfer from parameter f to a more 
universal parameter Pp = fWp, which characterises an average 
pump power. Figure 7 presents the dependence of dR on Pp 
for the amplifiers under consideration. Note that operation of 
the  active  element  under  elastic  stresses  exceeding  a  break-
down threshold by 20 % – 30 % is not reliable. This is why the 
range of values for dR in Fig. 7 is limited to 6p rad, which, as 
one can see from Fig. 8, corresponds to smax = 0.3 slim. The 
value of g (Fig. 8) is calculated at the instant just before passing 
the pump pulse (t = tp – 0), and smax is calculated for the time 
lapse between neighbouring pump pulses. In drawing curves, 
the pump power was assumed constant (17.5 kJ for the rod 
with  the diameter of  4.5  cm,  and 36.5 kJ  for  rods with  the 
diameters of 6, 8.5, and 10 cm), whereas the pulse repetition 
rate f varied. In other words, Fig. 8 presents a parametrical 
functional dependence [dR( f ), g( f ), smax /slim( f )]. Calculations 
show that similar dependences for other pump energies limited 
above by the values of Wp from Table 1, are actually similar 
to those in Fig. 8, i.e., they are universal.

A  combined  analysis  of  the  dependences  of  the  energy 
stored in active elements versus the pump energy (Fig. 2) and 
dependences smax(dR)  and dR(Pp)  (Figs  8  and 7)  allows one 

dR/rad
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2p

0 250 500 750 Pp/W

14 3 2

Figure 7. Difference of thermally induced phase increments for eigenwav-
es at the surface of an active element dR vs. average pump power Pp. The 
diameters of the active elements are 4.5 ( 1 ), 6 ( 2 ), 8.5 ( 3 ), and 10 cm ( 4 ).
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to determine attainable parameters of the repetitively pulsed 
operation regime for the laser amplifiers under study. Figure 9 
shows  attainable  values  of  stored  energy  at  various  pump 

pulse repetition rates. Each straight  line  in  the  figure corre-
sponds to a constant phase difference dR at the element edge, 
i.e., a constant ratio smax /slim.

The operation regimes with dR = 4p rad (that is, according 
to Fig. 8, smax = (0.2 – 0.25)slim) are, in our opinion, safe from 
the point of view of  thermo-mechanical breakdown. This  is 
confirmed by our  experimental  experience.  In particular,  in 
the experiments discussed in Section 3, the ratio smax /slim was 
0.22  and  the  active  element  was  not  destroyed.  The  corre-
sponding curves in Fig. 9 we will assume acceptable for deter-
mining an optimal relation between the pump pulse repetition 
rate and the energy stored in rods.

Plots in Figs 2, 7 – 9 give a possibility to calculate an arbi-
trary repetitively pulsed regime of operation for the amplifiers 
under study. Namely, at a prescribed pulse repetition rate  f 
and maximal elastic stresses smax at the rod edge one can find 
the pump energy Wp and corresponding stored energy Wst as 
well as thermally induced phase difference dR for eigenwaves 
at the edge of an active element prior to the next pump pulse 
and  the  corresponding  polarisation  losses  g.  In Table  2,  the 
parameters of  active  elements under  study are  given, which 
provide their operation at the pulse repetition period of 1 or 2 
min.
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Figure 8. Integral  coefficient  of  depolarisation  g  (solid  curves)  and 
maximal elastic stresses smax (dashed lines) vs. the phase difference of 
eigenwaves at the end of an active element dR. The diameters of the ac-
tive element are 4.5  ( 1 ), 6  ( 2 ), 8.5  ( 3 ), and 10 cm ( 4 );  the energy of 
pumping pulses is 17.5 kJ ( 1 ) and 36.5 kJ ( 2 – 4 ).
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Figure 9. Constant phase difference curves dR = Dyf – Dyr of the eigenwaves at the surface of active elements with the diameters of 4.5 (a), 6 (b), 
8.5 (c), and 10 cm (d); smax is a maximal elastic stress on the surface of the active element over the time lapse between pump pulses, slim = 30 MPa is 
the breakdown threshold for the KGSS-1621 glass.
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Dependences in Fig. 9 show that at dR = 4p rad, the maxi-
mal possible population inversion in the amplifiers with active 
element diameters of  6,  8.5,  and 10  cm  is  safe  if  the pulse 
repetition period is at least 2 – 3 min. To transfer to the regime 
of  1 pulse min–1, one  should  reduce  the pump energy. This 
results in the stored energy reduced by 20 %, which is notice-
able  because  just  large-aperture  active  elements  are  main 
accumulators of laser energy in high-power installations.

In a setup of PEARL type [3], an employment of active ele-
ments with an aperture of up to 10 cm is needed to prevent opti-
cal breakdown of rods by a laser pulse with the duration of 1 ns 
(the pulse energy is 300 J, the threshold of optical breakdown for 
glass at the pulse duration of 1 ns is 10 J cm–2 ). In the OPCPA 
scheme  (Optical  Parametrical  Chirped  Pulse  Amplification), 
longer  pump  pulses  cannot  be  used,  because  a  parametrical 
amplifier cannot accumulate energy due to population inversion 
and the pump pulse should be comparable with the duration of 
an expanded femtosecond pulse (~1 ns). Similar limitations exist 
in subpicosecond neodymium glass lasers, in which the duration 
of an expanded pulse is also ~1 ns.

An  alternate  concept  of  creating  high-power  setups  is 
laser amplification of chirped pulses in a Ti : Sapphire crys-
tal. Second harmonic of a neodymium laser may be used for 
pumping  Ti : Sapphire  crystals  as  well  as  for  parametrical 
pumping of DKDP crystals; however, long pulses may (~20 ns) 
be employed in this case. At longer laser pulse durations the 
threshold breakdown intensity increases proportionally to the 
pulse duration  in  the one-half power. The threshold optical 
breakdown  intensity of neodymium glass  for  such pulses  is 
~40 J cm–2; hence,  for generating pulses with the energy of 
several hundred joules one may employ active elements with 
an aperture less than 8.5 or 10 cm capable of operating at an 
increased pulse repetition rate. According to Figs 9a, b, and 
Table  2,  active  elements with  the  aperture  of  4.5  or  6  cm 
operate safely (if smax /slim is 0.2 or less) at the repetition rate 

1  pulse  min–1  at  the  energy  stored  in  population  inversion 
close to a maximum admissible value.

However, the five-fold safety factor of neodymium glass 
itself is not sufficient for amplifier operation. A high-quality 
beam can only be obtained if strong polarisation and phase 
distortions  are  compensated.  One  known  method  of  such 
compensation  is  employment  of  a  90°  polarisation  rotator 
placed between two similar amplifiers. In the following section, 
we present experimental results demonstrating the efficiency 
of such an approach.

5. Experimental study of depolarisation  
compensation in a laser for pumping Ti : Sapphire

Using  the  results given above we calculated a  scheme  for a 
high-power neodymium glass  laser with  the pulse energy of 
several hundred joules and pulse repetition rate of 1 pulse min–1. 
Radiation of  the  laser  converted  to  the  second harmonic  is 
used  for  pumping  a  Ti : Sapphire  crystal.  A  schematic  dia-
gram of  the power unit of  the system  is given  in Fig. 10.  It 
comprises  four  amplifiers  on KGSS-1621  neodymium glass 
with the diameter of 4.5 cm (see Table 1). Radiation from a 
start  unit  is  split  by  a  polariser  into  two  linearly  polarised 
beams  with  equal  energies.  After  two-pass  amplification, 
radiation  from  both  the  channels  is  added  and  passes  to  a 
nonlinear  crystal  for  frequency  doubling  (e – o – e  synchro-
nism). For  efficient  frequency doubling by e – o – e  synchro-
nism it suffices that the energies of an ordinary and extraordi-
nary rays be equal and a phase difference between  them be 
inessential.  This  provides  frequency  doubling  of  radiation 
from two non-phased channels.

The intensity distribution at the amplifier input used for 
calculating laser output parameters is as follows

Iin(t, r) = I0 exp[ – (2t/t0)2 ] cos2(pr2/2R2),

where  t  and  r  are  temporal  and  radial  coordinates,  respec-
tively, t0 = 20 ns, R = 2.25 cm. The B-integral was calculated 
by the formula

,2 max dB I z
,

NL
r t

L1

0
p g l= - c my

where L  is  the  rod  length, I  is  laser  radiation  intensity, l  is 
wavelength,  gNL  is  the  nonlinearity  factor  for  neodymium 
glass (for a linear polarisation it was taken 3.2 ́  10–7 cm2 GW–1). 
The  losses  in  the amplification scheme that were  taken  into 

Table 2. Parameters  of  investigated  laser  amplifiers  operating  at  the 
pulse repetition rate of 1 and 2 min.

Rod       dR/rad      smax/slim     Wp /kJ      Wst /J
diameter/ 
cm  1 min  2 min  1 min  2 min  1 min  2 min  1 min  2 min

4.5  4p  1.8p  0.22  0.12  17.5  17.5  109  109
6  3.5p  1.7p  0.19  0.1  36.5  36.5  184  184
8.5  4.1p  2.9p  0.21  0.16  25  36.5  230  264
10  4.2p  3.7p  0.21  0.2  16.5*  30  224  275
* The  operation  regime  is  not  employed  in  the  scheme  for  falshlamp 
ignition.
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Figure 10. Schematic of a power unit of a laser pumping a Ti : Sapphire crystal.
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account  in the calculations are given in Table 3. In Fig. 11, 
calculated output laser parameters are shown versus the pulse 
energy of the setup start unit

3+

2 ( , ) .d dE t I r t r rin in

R

0
p=

3-
y y

A  solid  curve  in  Fig.  11a  presents  the  amplifier  output 
energy Eout just before entering the frequency doubler, a dotted 
line in the figure describes a maximal energy density emax in 
the beam. In Fig. 11b,  increments of the B-integral are pre-
sented for each passage through the amplifier with the diam-
eter of 4.5 cm [curves ( 1 – 4 )] and the total B-integral for each 
of the amplifier channels [curve ( 5 )].

Thus, if the start unit of the setup generates 20-ns pulses 
with the energy of 15 J, then the energy at the amplifier output 
will be 300 J in the first harmonic (Fig. 11a) or, at least, 200 J in 
the second harmonic (at the wavelength of 527 nm). A maxi-
mal expected radiation energy density is ~10.8 J cm–2, which 

is below the optical breakdown threshold by a factor of 3 and 
more. The total B-integral in each power channel will be ~0.7 
rad, which is well below the threshold for developing a small-
scale self-focusing instability.

In the calculations, we made allowance for overlapping of 
pulses of the first and second passes. The distances between 
the active elements and between the highly reflecting mirror 
and  nearest  amplifier  (Fig.  10)  were  taken  60  and  20 cm, 
respectively.  These  values  were  chosen  for  more  compact 
placement of the amplifiers on an optical table. Our experi-
ments  show  that,  despite  a  high  (~3000)  small-signal  two-
pass gain in channels, the role of spontaneous emission in the 
scheme considered is negligible. Note that if the distance from 
the  highly  reflecting mirror  to  a  nearest  amplifier  is  longer 
than 3 m, then the pulses of the first and second passes do not 
overlap. Calculations show that in this case the energy of the 
pulse passing to a crystal-doubler is ~320 J at the start unit 
pulse energy of 15 J.

The  setup  is  intended  for  operation  in  the  regime  of  1 
pulse min–1. Thermally induced birefringence is assumed to be 
compensated  by  a  quartz  90°  polarisation  rotator  placed 
between the active elements in each channel. A compensation 
possibility  was  demonstrated  experimentally. We  studied  a 
thermally  induced depolarisation of  radiation  in one of  the 
channels of the laser comprising two double-pass active ele-
ments with  the diameter of 4.5 cm (see Fig. 10). The pump 
pulse  repetition period was 3 min. The energy of  the pump 
pulses in each amplifier was 14.6 kJ. The value of depolarisa-
tion takes a stationary value g » 30 % after 14 pump pulses 
without the 90° polarisation rotator. Then at the instant t = 
39.8  min,  a  90°  polarisation  rotator  was  placed  into  the 
scheme, which resulted in an abrupt fall of g (see Fig. 12). 

The experiment carried out demonstrates the reduction of 
the depolarisation factor from 0.35 to 0.02, which is close to 
the factor of cold depolarisation, by employing a 90° polari-
sation  rotator. Along with  data  presented  in  Fig.  11a,  this 
demonstrates advanced properties of the scheme for obtaining 
the output pulse energy of ~300 J in first harmonic.

6. Conclusions

Thermally induced distortions of radiation in rod active ele-
ments with the diameter of 4.5 cm are experimentally studied. 
It is shown that at the pulse repetition rate of 1 pulse min–1 
and the pumping providing the stored energy of above 100 J 
such an amplifier exhibits a five-fold safety factor with respect 
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Figure 11. Laser output parameters  vs.  pulse  energy of  the  start unit 
Ein: energy of the pulse Eout just in front of a frequency doubler and a 
maximal energy density emax (a); increment of the B-integral (b) in an 
amplifier channel during the first passage through the first and second 
active elements with the diameters of 4.5 cm [curves ( 1 ) and ( 2 ), respec-
tively],  during  the  second  passage  through  the  second  and  first  rods 
[curves ( 3 ) and ( 4 ), respectively] and the sum B-integral in a channel 
[curve ( 5 )].
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Figure 12. Reduction of the  integral coefficient of depolarisation  in a 
scheme with two double-pass active elements with the diameters of 4.5 cm 
and a 90° polarisation rotator installed between them. Instants of pump 
pulses are marked with asterisks. The pump energy in each amplifier is 
Wp = 14.6 kJ.

Table 3. Losses  in  the amplifier  scheme  (Fig.  10)  taken  into account  in 
calculations.

Schematic unit  Losses (%)

Polariser  10 
Rod face  0.5 
Rod body  5 
90° polarisation rotator  0.5 
Plate l/4 (two passes) and a mirror  1
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to the thermo-mechanical breakdown threshold, which guar-
antees its safe operation.

It  is  shown  that  measurements  of  radiation  thermally 
induced depolarisation in an active element can be used not 
only for controlling variations in beam polarisation, but also 
for diagnosing phase distortions of radiation and estimating the 
safety factor of the rod.

Based on the experimental data obtained we have analysed 
a repetitively pulsed operation regime for laser amplifiers with 
neodymium glass rods with the apertures of 4.5, 6. 8.5, and 
10 cm. Universal dependences are obtained, which allow one 
not  only  to  determine  upper  limits  for  the  pulse  repetition 
rate,  but  also  to  find  a  compromise between  increasing  the 
pulse repetition rate and enhancing the gain.

In  particular,  the  results  obtained  show  a  possibility  of 
creating a compact laser with a second harmonic pulse power 
of  200 – 250  J  and  the  pulse  repetition  period  of  1 min  for 
pumping Ti : Sapphire crystals. The terminal stage of the laser 
is based on two pairs of amplifiers with the aperture of 4.5 cm. 
The  designed  gain  and  compensation  of  thermally  induced 
depolarisation in a pair of such amplifiers have been demon-
strated experimentally.
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