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Efficiency of resonance pumping and optical gain
in a Nd-doped phosphate glass excited by diode arrays
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Abstract. The gain ~3.5 x 10~ cm™! is obtained in the re-
petitively pulsed regime upon pumping a Nd-doped phosphate
glass into the *I, /2 — ‘K, /2 absorption band by diode arrays at
874 nm. The pump efficiency for a sample of volume 6.7 cm®
exceeded 0.5 and was limited only by the geometrical factor
and the excited-state lifetime of the Nd*' ion.
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1. Introduction

At present one of the promising applications of diode lasers
(heterolasers) is their use for optical pumping high-power
solid-state lasers. This is explained to a great extent by a
high total efficiency of heterolasers (above 50 %) operating
under comparatively simple conditions, in particular, at the
nearly room temperature of a heat sink, which became
possible recently. Optical pumping of solid-state lasers by
diode lasers has been used already for more than 30 years
and it is now widely employed in commercial devices.
Modern advances in the field of diode-pumped solid-state
lasers are comprehensively described in review [1]. The
earlier papers on the diode pumping of neodymium-doped
media were mainly devoted to crystals. This is explained by
the fact that the stimulated transition cross section in a
crystal matrix is almost an order of magnitude higher than
that in a glass matrix. As a result, the threshold pump
power for Nd*' ions in a crystal matrix is considerably
lower and, therefore, the required number of diode lasers is
smaller. However, for the development of a high-power
laser or an amplifier with a high stored energy (=100 J) a
high cross section is no longer an advantage but a
disadvantage, which was pointed out in [2]. The reason
is a considerable extraction of the stored energy by the
amplified spontaneous radiation and a low density of the
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saturation energy. Because of this, along with the develop-
ment of new types of active media, the use of Nd*"-doped
glass matrices in diode-pumped high-power lasers remains
to be of current interest.

Here, it is pertinent to mention new advances in the
development of laser technology achieved in the last years
(see, for example, papers [3—8] where the fabrication of
high-power solid-state lasers was reported). The obvious
and well-known advantage of a diode-pumped solid-state
laser over a similar flashlamp-pumped laser is its much
higher total (from a socket) efficiency. One should bear in
mind that it is important that not only the energy losses in
the laser are lower and the energy is saved, but also that
these reduced losses weakly heat an active element. The
latter circumstance is the most important in most cases
because it alleviates the requirements to the heat conduction
of a material and cooling systems, improves the quality of
the optical beam and the reliability and service life of the
laser as whole.

Diode lasers used for pumping should have a number of
special properties. The power of an individual diode laser
(single-element heterolaser) is limited and achieves at
present a few watts (~20 W in the best case). Therefore,
the efficient pump system should contain no less than a few
hundreds, and in reality, a few thousands of heterolaser
chips. It is obvious that such a system can be realised only
when individual laser chips are integrated in a standard
composed radiation source containing tens or hundreds of
laser chips. The design of such a composed radiation source,
for example, in the form of a bar or a two-dimensional array
should be optimised taking into account the optical and
spectroscopic parameters of a medium being pumped. It was
found that even the shape of a solid-state active element
(rod, slab or disc) requires the corresponding optimisation
of such a composed radiation source. This was pointed out,
for example, in paper [9], where the requirements to the
average brightness of the beam of a composed radiation
source were formulated depending on the active-element
shape. The above discussion shows that the concept of using
diode pumping for high-power solid-state lasers poses a
number of new scientific problems whose solution will
determine the quality of the developed lasers and the scope
of their applications.

Because the development of a high-power solid-state
laser requires considerable material expenses, the technical
elaboration of the laser should be preceded by its simu-
lation. This paper belongs to this direction of studies. The
reliable simulation can be performed when the accurate data
on the optical and spectral parameters of the active element
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are available and adequate simulation methods are used.
Note that despite the fact that numerous data on the
parameters of active media are available at present, it is
difficult to use them in simulations. It is more expedient to
employ the data related to a particular sample under study.
This also concerns our paper because we were not sure that
the glass sample used in our study was identical with the
required accuracy to the samples whose parameters were
presented in handbooks or earlier papers. In addition, diode
pumping requires a high accuracy of simulations because in
this case the excess losses are absolutely inadmissible upon
conversion of the beam energy of heterolasers to the beam
energy of a solid-state laser. For this reason, we studied in
this paper, in particular, the optical and spectral properties
of the diode-pumped Nd-doped phosphate glass under the
conditions close to those for high-power lasers.

These conditions assume, first, transverse pumping with
a considerable penetration depth (~2 — 4 cm), which should
correspond to the aperture of the optical beam from a high-
power laser or amplifier. Second, pumping should be
performed with two-dimensional heterolaser arrays to
provide a sufficiently high degree of integration of individual
heterolaser chips. The Nd*" ions were pumped resonantly
into the 874-nm absorption band corresponding to the
419/2 —F, 5> transition. Hereafter, the term ‘resonance
pumping’ is used in accordance with the classical term
‘resonance absorption’ (emission), which occurs upon tran-
sitions between the ground and the first excited state of an
atom or an ion. Resonance pumping reduces the heat release
in the active element more than by a factor of 1.5, which is
especially important in our case. Such pumping was earlier
used for crystals (see, for example, [10—12]).

The aim of our paper was to obtain experimental data
on the diode pumping of a Nd**-doped phosphate glass and
to verify the method of simulation of its laser parameters for
using these data for the development of high-power lasers.
The phosphate glass was selected as an active medium
because it possesses the best laser characteristics.

2. Experiment

2.1 Experimental method

The scheme of the main part of the experimental setup is
presented in Fig. la. Active element ( /) was a glass slab of
cross section 1 x 0.5 cm and length 13.4 cm made of a
GLS-22 glass. The ends of this slab were cut at the Brewster
angle. The active element was pumped by radiation from
four diode arrays (2—5) through prisms (Fig. 1b). The
arrays were a two-dimensional group (35 x 21) of AlGaAs/
GaAs heterolasers with a quantum-well active region and
the total area of 0.5 x 1 cm. The arrays were fed with
specially designed four-channel pulsed power supply (75),
which produced rectangular current pulses of duration
variable from 100 to 500 ps with a pulse repetition rate of
10—100 Hz. The amplitude of these pulses could be varied
independently in each channel from 0 to 40 A.

The diagnostics of optical amplification produced in the
active element was performed with special probe cw
quantum-well InGaAs/AlGaAs/GaAs heterolaser (8) emit-
ting at 1055 nm. The pump current of the laser was
controlled with special power supply (9). The required
quality of the optical beam from this laser was provided
with the help of collimating lens (7) and aperture (6) of

diameter ~3 mm. The laser beam passed through the central
part of active element ( /), apertures (/0) (used as spatial
filters) and was incident on photodetector (/2) or spec-
trometer ( /3) based on an MDR-4 monochromator. Spatial
optical filtration in front of photodetector ( /2) provided the
suppression of a luminescence signal appearing in active
element (/) upon its pumping down to the level not
exceeding 0.05 of the addition to the signal from the probe
laser due to its amplification after passage through element
(1). The output signals from photodetector (72) and
spectrometer (/3) were fed to the inputs of a UNIPAN
232B lock-in amplifier and a Tektronix TDS-2022 oscillo-
scope. The preliminary processed output signals from the
oscilloscope were transmitted as data files to control PC
(14), to which the output signal of the amplifier was also
fed. This computer also controlled the step motor of the
spectrometer, allowing the automatic digital data
processing.

The scheme of optical pumping of an active element is
presented in more detail in Fig. 1b. A specific feature of the
scheme is the inclined coupling of radiation at an angle of
~40.5° with respect to the normal to the side surface of the
active element. This was performed with the help of special
prisms glued with optical cement on broad (1 cm) side
surfaces of the active element. The end surfaces of the
prisms facing the array were covered with AR coatings. The
side surfaces of the prisms were polished. Radiation from
arrays at ~874 nm was coupled to the prism through its end
face and then to the active element, which also had polished
side surfaces. The prism inclination angle was selected so
that the pump radiation inside the active element was within
the angle of the total internal reflection on its side surfaces.
The angles lying in the plane of incidence of the axial beam
(plane of Fig. 1b) were most critical for the fulfilment of
conditions of the total internal reflection. Because of this,
chips were assembled on the array structure so that the
‘slow’ axis of the radiation pattern of a heterolaser
(direction along the p—n transition in which the divergence
is minimal) lied precisely in the plane of incidence.

The geometry of optical pumping used in this paper is a
hybrid of the transverse pumping, when radiation is coupled
through side surfaces, and longitudinal coupling at which
the pump beam propagates, on the average, along the laser
optical axis. Such a scheme combines the advantages of
transverse pumping providing the possibility of using several
radiation sources and of longitudinal pumping at which the
efficiency of their use is maximal due to pumping over a
considerable length.

Figure 1c shows the scheme for measuring the lumines-
cence lifetime and spectra. Luminescence was detected
perpendicular to the pump-beam direction. The sample
thickness along the direction of luminescence detection
was 0.5 cm, which excluded completely the possibility of
radiation trapping because this thickness corresponded to
the optically thin layer. Luminescence was excited both at
~874 and 800 nm. The detecting system was calibrated in
the range from 700 to 1400 nm by using a TRSh 2850-3000
tungsten lamp and tabulated data on the radiating capacity
of tungsten at temperature 2850°C.

2.2 Parameters of the active element

Although the typical characteristics of a GLS-22 glass are
well known at present, for the reasons mentioned above, we
measured the absorption and luminescence spectra and also
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Figure 1. Block diagram of the setup for studying the optical and spectral characteristics of the active element (a); scheme for optical pumping an Nd-
doped phosphate glass slab by radiation from a diode array (b); and scheme for studying luminescence (c): (/) active element; (2—5) diode arrays
with prisms for coupling radiation into the active element; (6, /0) apertures; ( 7) lenses; (8) probe 1055-nm laser; (9) current supply; ( //) movable
mirror; (/2) photodiode; (13) spectrometer; (/4) control computer; (/5) power supply for diode arrays; (/6) Tektronix TDS-2022 digital

oscilloscope; (/7) UNIPAN 232B selective nanovoltmeter.

the lifetime of the excited *Fj ,» state for the active element
under study.

These measurements were also motivated by the well-
known fact that these characteristics can be sensitive to the
spectral width of exciting radiation (see paper [13] and
references therein).

Figure 2 shows the absorption spectrum of the active
element. The measurement accuracy of the absorption coef-
ficient was ~2 x 10" em™! at maxima and 2 x 107> cm™" in
the transparency region. The spectral resolution and measu-
rement error of the wavelength were ~ 1 nm. The two bands
at 801 and 874 nm in Fig. 2 correspond to the 419/2 —4F5/2
and 419/2 —*F, /> transitions in the Nd** jon shown in the
inset. One can see that the 801-nm absorption band has a
smaller width compared to that of the 874-nm band and a
considerably higher absorption coefficient at the maximum
equal to 5cm™'. This means that, by using conventional
pumping at 801 nm, it is difficult to provide spatially

A =801 nm

o =5.0cm™!

a/em™" F
4.5+
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35F
30
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Figure 2. Absorption spectrum of the active element. The positions and
widths of the bands and maximum absorption coefficients are indicted.
The inset shows the diagram of several levels of the Nd** ijon.
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homogeneous excitation of the active medium thicker than 1
cm. Of course, we do not consider here excitation into the
wings of the absorption line because in this case the pump
efficiency strongly depends on the pump radiation spectrum.
In addition, the wings of the absorption line correspond to
ions that are located in the environment that drastically
differs from that of other ions in a glass matrix. The rate of
nonradiative relaxation for these ions can be higher than
that for others.

Figure 3 shows the luminescence spectrum I(4) of the
GLS-22 sample excited by a diode array at 800 nm. The
wavelengths 4; of the luminescence bands and their effective
widths AZ4; and the relative probabilities w; of transitions
from the upper level to the levels 419/2, 41”/2, and 4113/2
presented in the figure were found from the expressions

Ai = /li(bia

qs,-:JI,-(z)dﬂ., Al = i

m, l:1,2,3 (1)

similar to those used in [14]. The values of w;, w,, and w;
obtained in this way and equal to 1, 1.29, and 0.22,
respectively, are close to those used conventionally in the
literature for the GLS-22 glass. In particular, handbook [15]
gives the values 1, 1.5, and 0.27.
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Figure 3. Luminescence spectrum of the active sample excited by a diode
array at A~ 800 nm. The positions and widths of the bands and the
probabilities of the corresponding transitions are indicated. The inset
shows the diagram of several levels of the Nd*" ion.

Another important parameter of the active element is the
lifetime 7 of the upper excited *Fj /2 level. It was measured
from the luminescence decay at a wavelength of 1055 nm
shown in Fig. 4. The digital processing of the decay curve
showed that the luminescence decay by an order of
magnitude occurs exponentially with the decay time t =
280 ps (with an accuracy better than 2 %).

These data allow us to calculate the cross section for the
stimulated transition at the maximum of the 1055-nm band.
By using the well-known relation, we find that

o — ’72; wy
8nren2Al, wy + w, + ws’

()

where 7 is the total quantum yield of luminescence for the
three bands shown in Fig. 3; n is the refractive index for
A, = 1055 nm; and ¢ is the speed of light. By substituting
the found values of parameters into (2), we obtain

I (arb. units) |
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80 L Radiation pulse of the diode array
60

40 Luminescence pulse
-

20 -
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Figure 4. Time dependences of the 800-nm pump intensity and lumi-
nescence of the active element at 1055 nm.

o =13.86 x 1072° cm2. (3)

The value of the cross section for this glass used in the
literature (see, for example, [16]) is ¢ ~ (3.2 £0.4) x 1072
cm?. For this value of o, the quantum yield is =~
0.83 +£0.10.

2.3 Radiation of diode arrays and optical amplification in
the active element

Figure 5 presents the light—current characteristic of the
diode array operating in the repetitively pulsed regime. The
insets show the pulse shape and emission spectrum
averaged over the pulse duration. Heterolasers are some-
what heated during the radiation pulse, resulting in the red
shift of the emission spectrum of the diode array. This is
demonstrated in Fig. 6 presenting the shapes of radiation
pulses from the diode array at different wavelengths and the
emission spectra recorded at different instants.

B 10|z 20 4250
o 5200 =3
2 Z 150 ?
g 0.8 =~ 100 - 200 g
8 50 &
g 0.6 L 0 S (arb. units) J4150 8
> 0 100 200 300 400 5007 -8 £
< Time/us 0.6
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0.4
02 L 0.2 150
0
870 875 880//nm
oL 4 f 1 1 1 1 1 1 1 o
2 4 6 8 10 12 14 16 18 20 22
Current/A

Figure 5. Dependence of the output power of the diode array on the
pump current. The inset at the top shows the radiation pulse of the array
integrated over the spectrum, at the bottom — the integrated (averaged
over the pulse duration) emission spectrum of the diode array.

The radiation patterns of diode arrays for mutually
perpendicular directions are presented in Fig. 7. As men-
tioned above, the divergence in the plane of the p—n
junction of heterolasers proves to be most critical for
this pump scheme. The angle of the radiation pattern
corresponding to the frustrated total internal reflection
was 17° in our case (from the radiation-pattern centre).
This angle is indicated by the arrow in Fig. 7a. One can see
that only a small part of the optical-beam energy (less than
1 %) is emitted at angles exceeding 17°.
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Figure 6. Time dependences of the radiation intensity of the diode array
with a narrow spectral band (~0.5 nm) at A =874 (1), 876 (2), 878 (3),
880 (4), and 881 nm () and the emission spectra of the diode array at
different instants ¢ from the pulse onset (b).

The results of the measurements described above allow
us to calculate the pump efficiency g, i.e., the fraction of
radiation energy of diode arrays transformed to the
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Figure 7. Radiation patterns of diode arrays for pump currents 8 ( /), 12
(2), and 20 A (3): intensity distribution along the ‘slow’ (in the p—n
junction plane) (a) and ‘fast’ (in the plane perpendicular to the structure
layers) (b) axes. The arrow in Fig. 7a indicates the angle of the radiation
pattern corresponding to the frustrated total internal reflection.

excitation energy of ions by the end of the pump pulse:
1= pglelispir “4)

where pg = 4,/4p is the ratio of the pump wavelength to
the laser wavelength (the so-called pump quantum defect,
which is 0.82 in our case); u, is the geometrical factor equal
to the fraction of radiation energy of diode arrays pumped
into the active element; g is the spectral factor equal to the
fraction of energy absorbed by the active element; u; is the
fraction of absorbed energy that preserved as the excitation
energy of Nd*" ions by the end of the pump pulse.

The value of y, is smaller than unity due to the losses of
radiation coupled to the prism (Fig. 1b) and the escape of
radiation from the active element beyond the total internal
reflection angle (0 > 17°). Under our experimental condi-
tions, this value was p, ~ 0.89.

The spectral factor p, was found from the relation

I = J{l - exp[foc()u)l]}S(}v)di[[S(/l)di} - )

where S(A) is the average (over the pulse duration) spectral
density of the radiation intensity of the diode array (the
lower inset in Fig. 5); a(4) is the absorption coefficient in
the 874-nm band (Fig. 2); and / is the length of the pumped
region. In our case (Fig. 1a), the length / was determined by
the distance between the adjacent prisms taking into
account the inclined propagation of the beam and was
~6 cm. The spectral factor p calculated from (5) by using
the obtained spectral data was 0.98. The difference of u;
from unity is caused by the finite lifetime t = 280 ps of
excited Nd*" ions. For a rectangular pump pulse of
duration T, as in our experiment, we have

ur:%[l—exp <—§)] (6)

For the pulse duration 7 =200 ps, we obtain p; = 0.71.
Thus, according to (4), we finally have u = 0.51.

To measure the optical gain, the probe semiconductor
laser was thermally stabilised at the temperature 5—10°
below room temperature. The temperature was selected to
make the maximum of the emission spectrum of the probe
laser coincident with that of the luminescence spectrum of
the laser transition. The average gain was found by
processing the data obtained from oscillograms of the probe
beam intensity transmitted through the rod:

1 Imax

=1

™)

where L is the total length of the rod; I, is the probe-
beam intensity at the end of the pump pulse; and 7 is the
intensity at the instant immediately before the pump pulse.
Figure 8 presents the measured values of g. The insets in
this figure show the oscillogram of the probe-beam intensity
transmitted through the active element (at the top) and the
luminescence spectrum of the active element and the
emission spectrum of the probe laser (at the bottom).
The value of g was measured as a function of the average
specific accumulated pump energy p defined by the relation
uk

P=7 ®)
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Figure 8. Dependence of the gain on the pump energy density stored in
the active element. The inset at the top shows the oscillograms of the
probe-laser pulse and pump current pulse; at the bottom — the lumines-
cence spectrum of the sample and probe laser radiation.

where E =4PT is the pulse energy emitted by four diode
arrays; P is the pulsed radiation power of one diode array;
V is the total volume of the active element (in our case V' =
6.7 cm?). The maximum value of g obtained in our paper
was ~3.5 x 107 cm™!. The slope of the dependence of g on
p gives the specific gain equal to 1.33 x 10~' em? J~'. This
value (in the case of uniform pumping or for the spatially
averaged gain and density of the stored pump energy)
should be equal to the ratio of the cross section to the probe
laser photon energy /iw, which allows us to find the cross
section ¢ from Fig. 8. This cross section was 2.75
%1072 cm2. Here, we used the small-gain condition

L
8max Z < 19 (9)

where g, 1S the maximum local value of the gain inside
the active element. By comparing the found value of ¢ with
expression (3), we obtain the quantum yield # = 0.71. By
using this value of 7 and the spectral characteristics of the
4F3/2 — 419/2 band, we can find from (2) the cross section for
this band as well. It was 7.7 x 1072' cm?2. According to
Fig. 2, the absorption coefficient at the maximum of this
band is 1.3 cm™'. This gives the concentration N of Nd**
ions in our sample:

o(A =874 nm)

= 17x10%cem .
o =877 am) /> 107 em

N (10)

The concentration for glasses of this type reported in the
literature is 2 x 10° cm™>, which demonstrates the accept-
able accuracy of the parameters of our sample for using
them in simulations of laser systems.

3. Discussion and conclusions

Note that resonance pumping used in our paper is
promising mainly only for high-power laser systems. For
low-power lasers, it is worthwhile to reduce the active-
medium volume for increasing the pump energy density. It
is obvious that this requires a small length at which a
considerable fraction of the pump radiation is absorbed. In
this case, conventional pumping at the 800-nm 419/2 — 4F5/2
transition, where absorption is four times stronger than in

the 870-nm band, proves to be more advantageous to
minimise the threshold pump power.

It is for this reason that resonance pumping was almost
not used in earlier papers and its application in high-power
lasers was reported only in the last years. Indeed, when large
volumes of the active medium are required (this is necessary
in high-power lasers to reduce the specific thermal load and
decrease the laser radiation density), a small absorption
length is not an advantage but a disadvantage because it
results in a spatially nonuniform excitation of the active
medium.

It is obvious that the pump efficiency ~0.5 achieved in
the paper is not ultimate. It can be increased, first, by
varying the geometrical factor u,, which can exceed 0.9 in
the optimised pump system, and, second, by increasing the
factor p; determined by the ratio t/7. The increase can be
achieved both by decreasing 7, for example, down to 100 ps
and by increasing 7. The first is related to the increase in the
radiation resistance of the output mirrors of heterolasers in
the diode array and to the increase in the pump beam
brightness due to the use of diode arrays with internal lenses
providing a decrease in the divergence along the ‘fast’ axis.
This will allow one to increase the pump intensity, thereby
decreasing by the same factor the pulse duration for the
same energy. The value of t can be increased only by
selecting a proper material (a phosphate glass in our case). It
seems that this can be done by improving the glass quality
by decreasing the rate of nonradiative relaxation in it.
Indeed, the quantum yield # =0.71 is not high for the
concentration of Nd*" ions equal to 2 x 10*° em™>. An
increase in # automatically means an increase in 7. The value
7 &~ 320 ps for the phosphate glass can be readily obtained.
Of course, a drastic increase in t can be achieved only in
other active media, for example, doped with Yb ions.

Although the gains ~3.5x 1072 cm™' at the laser
transition achieved at present are acceptable for lasing,
they are not optimal from the point of view of the efficiency
of a high-power laser. It is obvious that this value can be
increased by several times (up to an order of magnitude) by
increasing the pump energy density. In our paper, this
density was limited by the number of diode arrays available.
Our experiments and estimates show that no thermal-regime
limitations appear in the active element if cooled with
gaseous helium rather than by air. The gains of
3x102—-5x102 cm™! are already quite sufficient for
active elements of length of the order of a few tens of
centimetres, which is typical for high-power lasers.

Of course, the necessary condition for realisation of high
radiative characteristics of lasers at such gains in the
medium is rather strict requirements to the upper limit
of inactive absorption of the material at the laser wave-
length. Our estimates show that to obtain the lasing
efficiency ~60% with respect to the pump energy for
the gain of the medium 3 x 1072 cm™', the losses in the
active element should not exceed 0.7 x 10 ecm™'. Although
this is a serious requirement to the glass quality, it can be
fulfilled at present. The absorption coefficient at the laser
wavelength for the glass under study was ~5 x 107> cm™!,
which prevented lasing in our case.

Therefore, we can make the following conclusions based
on the results of our study:

(i) We performed for the first time the resonance
pumping of a Nd-doped phosphate glass by radiation

from diode arrays and achieved the gain 3.5 x 107> cm™';
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(ii) the pump efficiency for a glass sample of volume
6.7 cm? was 0.51;

(iii) the specific gain, pump efficiency, and quantum yield
were found under conditions that were most close to those
for high-power lasers, when the thickness of the pumped
region is several centimetres for the high degree of integra-
tion of diode sources. This opens up the possibility for
reliable simulations of such systems based on the data
obtained.

The methods developed in our paper can be also
considered as the way to test active media intended for
high-power lasers. Based on our results, we can conclude
that one of the basic criteria of the quality of the optical
glass used for diode pumping is the high quantum yield
(increased ) and the low absorption coefficient at the laser
wavelength.
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