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Abstract

Spectroscopic studies of Cr;Tm;Ho:YAG (CTH:YAG) crystal samples after succesive procedures of gamma
irradiation and annealing, were carried out. The emission characteristics of the free-running laser, doped with these
ions were measured. Mechanisms which cause changes of the laser properties are discussed. Previously observed
favourable changes of the optical and laser emission properties induced by thermal annealing and gamma radiation,
are also confirmed. In particular, a substantial lowering of the emission threshold of the laser (after annealing) as well
as an increase of the pumping efficiency (after gamma exposure) was obtained. It is argued, that this last effect is due
to the sensitization process of the active Ho3+ ions. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Quite often many solid-state lasers are designed
to work in the strong external fields of ionizing
radiation (e.g. cosmic rays, gammas, electrons,
neutrons). For example, instruments in orbital
space missions are subjected to integrated radia-
tion doses, which can reach upwards of 103 Gy
over a 5-year period and are conceivably higher
for non-earth based missions [1]. Therefore, a

study of the degradation induced in their active
materials by such radiation is highly relevant. On
the other hand, some improvement of the optical
output induced by the ionizing radiation is some-
times observed [1–6]. Such irradiation and an-
nealing of crystals, may also serve as an effective
method of their characterization [6,7].

Studies of Cr;Tm;Ho:YAG (CTH:YAG) crys-
tals subjected to ionizing radiation have been
reported in many publications [2–6]. Both UV
and gamma rays induce in CTH:YAG crystals
colour centres, which trap the electron excitations
caused by the xenon pumping lamp.* Corresponding author.
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Kopczyński et al. [8] have shown results of
spectroscopic studies of CTH:YAG crystals along
with the optical output of the laser rods in the
free-running laser emission mode with natural
air-cooling of the rod. The absorption coefficient
in the range 250–6200 nm was measured and the
colour centres induced by the g-radiation and
having their wavelength maxima corresponding to
the transitions 4A2�4T1 (430 nm) and 4A2�4T2

(600 nm); Cr3+, 3H6�3F2, 3F4 (680 nm) and
3H6�3F4 (780 nm); Tm3+, were observed. It was
found, that the colour centres appearing under
xenon lamp radiation are very unstable at room
temperature and quickly disappear. The relax-
ation rate of such induced centres was 1% 1000
s−1. Measurements of the optical output for a few
rods were made with laser output mirrors having
20 and 49% transmissions. The thresholds of the
laser emission at 2.11 mm were found to be Eth=
80, 115, 135 and 140 J dependent on the optical
quality of a given rod.

Kaczmarek et al. [3] and Matkovskii et al. [4]
have reported a substantial instability of the laser
emission for the CTH:YAG laser, whose active
element before the gamma irradiation with 104 Gy
had earlier been annealed at a high temperature
(1400°C). The output energy value, which at the
beginning was lower than that before the anneal-
ing, systematically increased with increase in the
number of pumping pulses, up to the value ob-
served before the irradiation.

A significant improvement of the optical output
(a 4-fold increase in differential efficiency) was
obtained for the ‘as grown’ crystal (without the
preliminary annealing) and g-irradiated with 5×
104 Gy [5]. These authors also discussed the mech-
anism of the sensitization process due to the
gamma exposure. It was found that, in the non-
annealed crystal a large concentration of growth
defects exist, which lowers the efficiency of the
laser. After irradiation, these defects change their
charge and form colour centres leading to energy
transfer to the holmium ions.

Kaczmarek et al. [6] have reported the charac-
teristics of the luminescence and the additional
absorption of Cr;Tm;Ho:YAG crystal after
gamma irradiation indicating an increase of the
efficiency of the energy exchange between the ions

Cr3+, Tm3+ and Ho3+. This is a consequence of
the increase in concentration of Cr3+ ions after
irradiation of the CTH:YAG crystal by gamma
rays with 105 Gy (because of the change of the
charge Cr4+�Cr3+).

Kaczmarek et al. [2–6] only studied the
CTH:YAG laser in an air-cooled rod.

The main goal of the present work is to study
in more detail the mechanisms of the irradiation
induced changes of the optical properties of
CTH:YAG crystals. In particular, we are inter-
ested in the reasons for the instability of the laser
emission, mentioned above, observed for the nat-
urally air-cooled CTH:YAG laser, whose active
element was annealed (1400°C in air) and next
gamma irradiated with 105 Gy. These studies were
also extended by us to water-cooled CTH:YAG
rods.

2. Experimental conditions

The CTH:YAG crystals which are the subject
of the present study, are often used in solid-state
lasers emitting in the infrared (2.11 mm). Accord-
ing to [9], samples of CTH:YAG crystals obtained
by the Czochralski method in the iridium crucible
have the following form:

(Y1−x−yHoxTmy)3(Al1−zCrz)5O12, (1)

where x=0.0036; y=0.057; z=0.01.
Crystal samples were produced in the Institute

of the Electronic Materials Technology by the
Czochralski method. Crystals were grown in a
nitrogen atmosphere using an iridium crucible. A
detailed description of the growth process of such
crystals is given by Z. Frukacz and Z. Mierczyk
[9].

An essentially technological problem met by
these workers was that of producing a crystal with
ion distributions sufficiently high and uniform
both in longitudinal and transversal directions. In
the course of our present studies, it became evi-
dent that this problem is also of great importance
after irradiation of the crystals and their subse-
quent annealing in an oxidizing atmosphere. This
is because in the CTH:YAG crystal, obtained
using the technology described by Z. Frukacz and
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Z. Mierczyk [9] and subsequently being annealed
or irradiated, even for a relatively uniform con-
centration of chromium ions, there may be some
ions, such as Cr2+, Cr3+ and Cr4+, which have
concentrations which vary significantly along the
crystal axis. Moreover Fe impurities occur and
may be in two charge states: Fe2+ and Fe3+,
depending on the conditions of the crystal growth.
As a result, YAG crystals containing iron impuri-
ties become photosensitive, i.e. they change their
properties under light irradiation [7].

2.1. Spectroscopic studies

Spectroscopic studies were carried out on paral-
lel plate samples of 0.77 mm thickness, cut from
the CTH:YAG crystal perpendicularly to the
growth axis in the B111\ plane and polished on
both sides. Measurements of the transmission in
the range of 190–1100 nm were made with a
LAMBDA-2 (Perkin-Elmer) spectrophotometer
for the samples before and after processing
(gamma irradiation or thermal annealing). The
additional absorption (AA) coefficient was then
calculated from formula [3]:

DK(l)=
1
d

· ln
T1

T2

[1/cm] (2)

where d=sample thickness; T1, T2= transmis-
sions of the samples before and after processing,
respectively.

2.2. Irradiation of samples by ionizing radiation

Gamma irradiations were carried out in a 60Co
chamber with an efficiency of 1.7 Gy s−1 in the
Institute of Nuclear Chemistry and Technology in
Warsaw. The gamma dose varied between 105 and
106 Gy. For the crystals subjected to different
processing (annealing, gamma irradiation) the
influence of UV irradiation from a xenon lamp on
the colour centres was investigated. For this pur-
pose a pulsed light source (xenon discharge lamp)
was used. Each sample was irradiated by a se-
quence of ten pulses, each of energy 90 J, with a
separation of 10 s between pulses.

2.3. Crystal annealing

Samples for spectroscopic studies were gamma
irradiated before (‘as grown’) and after annealing
at 400 and 1400°C in an oxidizing atmosphere.
Rods for laser emission studies were subjected to
annealing at 400, 800 and 1400°C. Two kinds of
annealing processes were used: thermal relaxation
and high temperature annealing in an oxidizing
atmosphere.

Thermal relaxation was done by annealing pre-
viously irradiated samples in air for 3 h at 400 or
800°C to remove the colour centres produced by
gamma irradiation. Annealing in an oxidizing at-
mosphere was carried out in air at 1400°C, also
for 3 h, in order to change the defect structure of
the crystal. The samples were heated in a resistive
furnace with programmed temperature changes.

2.4. Laser emission studies

Laser emission studies were carried out for the
CTH:YAG rod of length l=67.3 mm and diame-
ter F=4 mm. The optical output was measured
under several conditions: first, after gamma expo-
sure (105 Gy), second after annealing at 800°C in
air for 3 h, third, after annealing at 1400°C for 3
h in air, and finally after gamma irradiation with
105 Gy followed by annealing at 400°C for 3 h in
air.

To measure the optical output, a laser power
supply (Analog Modulus) was used. The rod was
placed in a Quantron K-1041 head with diffusive
reflector and water cooling. Measurements were
carried out by pumping the rod with a sequence
of pulses of width 700 ms and frequency f1=1
Hz. The scheme of the resonator used in these

Fig. 1. The scheme of the CTH:YAG laser resonator used in
our measurements. The rod was water cooled.
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Fig. 2. AA versus wavelength for CTH:YAG sample. 1-g-irradiation with a dose of 106 Gy, 2-thermal annealing at 400°C in air and
3-g-irradiation with a dose of 105 Gy.

measurements and its parameters are shown in
Fig. 1.

3. Results

3.1. Spectroscopic in6estigations

The ‘as grown’ sample was exposed to 106 Gy
of gamma-rays and next annealed at 400°C in air,
then irradiated a second time with 105 Gy and
annealed at 1400°C in air. Finally, the sample was
once more irradiated with 105 Gy and, then sub-
jected to a sequence of ten UV pulses from the
xenon lamp (pulse energy: 90 J, period: 10 s). In
the last irradiation, we studied how each pulse
influences the absorptive properties of the crystal.

As a result of the gamma-ray exposure of the
sample, the AA bands appear. They are mainly
observed on the short-wave edge and are shown
in Fig. 2. Annealing of the crystal at 400°C in air
fully bleaches the radiative colour centres as illus-
trated by curve 2 in Fig. 2. This curve appears to
be almost a mirror-reflection of curve 1, the latter
describing the response of the ‘as grown’ crystal

to the gamma irradiation with 106 Gy. The inten-
sity of the AA bands depends on the gamma dose,
as is illustrated by curves 1 and 3. At 430 nm the
AA intensity is 0.2 (cm−1) for 106 Gy and 0.15
(cm−1) for 105 Gy. Annealing at high temperature
(1400°C) leads to the changes in the AA-spectrum
shown by curve 2 in Fig. 3.

Akhmadulin, Migatchev and Mironov [7] sug-
gest that an increase of AA at 256 nm is caused
by an increase in concentration of Fe3+ ions. At
313 nm, a lowering of the absorption takes place,
most probably due to the drop of the concentra-
tion of Fe2+. An increase at about 430 and 600
nm is due to an increase of Cr3+ [6]. Further
gamma irradiation with 105 Gy (curve 3) caused a
decrease in the absorption at 256 nm, some in-
crease at 313 nm and a drop for the bands with
maxima at 430 and 600 nm. Absolute values of
the additional absorption in these bands are com-
parable with those obtained after annealing at
1400°C, though they have an opposite sign. This
can be related to a drop in concentration of Cr3+

ions after gamma irradiation of the crystal an-
nealed in an oxidizing atmosphere.
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Fig. 3. AA bands in CTH:YAG sample after: 1-g-irradiation with a dose of 106 Gy, 2-annealing at 1400°C in air and 3-g-irradiation
with a dose of 105 Gy.

The influence of UV radiation on the sample
previously annealed and gamma irradiated, is
shown in Fig. 4. Additional absorption bands, in
particular at 430 and 600 nm, are seen. In general,
these bands correspond to those obtained by
gamma irradiation of the ‘as grown’ crystal, sug-
gesting that UV radiation changes the valence of
the Cr4+ to Cr3+. It seems reasonable that the
following interaction scheme takes place: UV+
Fe2+� ((e−)+Fe3+); (e− +Cr4+�Cr3+).
That is, UV is ionizing the Fe2+ ions and the
resulting electrons are captured by the Cr4+.

3.2. Results of the laser emission studies

In this case (with water-cooling) the output
energy of the laser was measured as a function of
the pumping energy for the same rod after the
processes mentioned above (Section 2.4).
Threshold energies for laser emission and slope
efficiencies for the CTH:YAG rod were also mea-
sured. In Fig. 5. the influence of gamma irradia-
tion and annealing in an oxidizing atmosphere are
shown. Four optical outputs were obtained for
the CTH:YAG laser rod. After anealing at 800°C

a decrease of the threshold energy of about 20 J is
observed, in comparison with an ‘as grown’ crys-
tal irradiated with 105 Gy. Subsequent annealing
at 1400°C in air and then (after optical polishing
of the rod faces only) irradiation of the same
sample with 105 Gy caused a rise of the threshold
energy to 134 J and an increase of the differential
efficiency to 0.169%. Annealing at 400°C caused
relaxation of the radiative colour centres and a
lowering the differential efficiency of the laser.

4. Discussion

UV and gamma radiation causes the appear-
ance of colour centres in CTH:YAG crystals in
the wavelength range 250–710 nm, with maxima
at 256, 313, 385, 430 and 600 nm. The intensity of
the additional absorption bands increases with the
gamma-ray dose (Fig. 2). Accordingly to the re-
sults of Kopczyński et al. [8], the bands at 430
and 600 nm are related to the defects caused by
the introduction of Cr3+ ions into the YAG
lattice. The remaining defects are characteristic of
those of YAG lattice, e.g. Fe3+ ions (�256 nm),
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Fig. 4. Additional absorption bands of the CTH:YAG crystal irradiated by UV, after earlier annealing at 1400°C and gamma
irradiation with 106 Gy.

Fe2+ ions (313 nm) or oxygen vacancies VO and
holes O− (385 nm) and for the crystal annealed in
an oxidizing atmosphere (while for a crystal an-
nealed in a reducing atmosphere F− centres result
[7]).

Additional absorption bands at 430 and 600 nm
indicate an increase after gamma irradiation of
the Cr3+ concentration, which could be a result
of the process: g+Cr4+�Cr3+.

According to Kaczmarek et al. [3] the annealing
process has a very strong influence on the be-
haviour of the gamma irradiated laser using
CTH:YAG crystal. If the laser is air-cooled in a
natural way, the output energy of the gamma-ir-
radiated rod, subsequent to earlier annealing in
air, drops significantly at first, but after subse-
quent pulses it rises to the value before irradia-
tion. An explanation of this effect can be found in
Figs. 3 and 4. After an annealing in air at 1400°C
for 3 h of the ‘as grown’ crystal after gamma ray
irradiation with 106 Gy, the transitions Fe2+�
Fe3+ and Ce3+�Ce4+ are observed. The AA-
value after annealing of the gamma irradiated
crystal with 106 Gy suggests that in the crystal
before annealing Cr2+ ions were present (the

AA-values after irradiation of the ‘as grown’ crys-
tal and for the annealed crystal are equal) in a
quantity at least equal to that of Cr4+. Subse-
quent gamma irradiation of the annealed crystal
with 105 Gy leads to a drop in Cr3+ concentra-
tion. Probably, under the influence of gamma
rays, the transition Cr3+�Cr2+ takes place. An
increase of Cr3+ ions takes place only after UV
irradiation, as shown in Fig. 4, where the results
are given for a CTH:YAG sample UV irradiated
by a xenon lamp after previous annealing and
gamma irradiation. This explains why the next
pumping pulse, which increases the Cr3+ concen-
tration, also increases the output energy of the
laser.

Annealing of the CTH:YAG rod in case of the
air-cooled (in a natural way) laser system, favours
the process of fast relaxation of the colour centres
and the change in the concentration of Cr ions.
As is evident in Fig. 5, in the water-cooled rod,
the relaxation processes are very slow and do not
influence the behaviour of the laser, so that its
output is stable. As this Fig. 5 shows, the laser
with the ‘as grown’ crystal rod (curve 1—charac-
teristic obtained 6 months after irradiation) has a
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Fig. 5. Optical output of CTH:YAG laser after: g-irradiation with a dose of 105 Gy, after annealing at 800°C in air, after annealing
at 1400°C in air and after g-irradiation with a dose of 105 Gy for the same CTH:YAG rod with a length of 67.3 mm and F=4
mm.

higher slope efficiency than that of the laser with
the rod which had been annealed at 800°C (curve
2). In the latter case, the threshold is lower, as can
be explained by a decrease in the number of point
defects after annealing at 800°C.

The same rod annealed at 1400°C and gamma
irradiated with 105 Gy (curve 3) has the highest
slope efficiency (0.17%) but the threshold for gen-
eration is somewhat higher than that after anneal-
ing at 800°C. This is a result of the fact that at
1400°C some dopants contained in the crystal are
reduced, so that the optical characteristics (trans-
parency) changes both on the rod faces and its
side surface. After annealing, the rod faces were
polished again but the side surface was left unpol-
ished. This causes a shift of the threshold of
generation. Because the rod is repolished between
experiments, we believe that on the basis of a
single experiment it can not be disregarded that
the observed changes may be also a consequence
of different lasing conditions that may arise after
repolishing.

Annealing of the rod at 400°C (curve 4) only

lowered its slope efficiency, as expected, because
at this temperature the colour centres are
destroyed.

Gamma irradiation leads to a substantial im-
provement in the optical output of the CTH:YAG
laser. The growth defects existing in the crystal,
after the recharging processes due to irradiation,
improve the slope efficiency of the laser (radia-
tion-induced sensitization). Annealing of the rod
in an oxidizing atmosphere, in order to remove a
part of the point defects remaining after the
growth and gamma irradiation is also
advantageous.

To avoid the necessity for re-processing the side
surfaces of the rod, it is best to carry out the
annealing of the crystal after its growth but before
cutting out the rods. Rods ‘as grown’ and sub-
jected to gamma exposure have a high threshold
energy value (curve 1, Fig. 5). A lowering of the
threshold is achieved after annealing of the rod at
800 and 1400°C (curves 2 and 3, Fig. 5).

Further improvement of the quality of the rod
is achieved after gamma irradiation with 105 Gy.
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5. Conclusions

Previously reported observations, that irradia-
tion of the CTH:YAG crystals by UV or
gamma rays leads to additional bands in the
absorption spectrum are confirmed. The intensi-
ties of these bands depend on the radiation dose
and their shape depends mainly on, whether the
crystals were annealed or not before the irradia-
tion as well as on the atmosphere in which the
annealing was carried out.

The largest changes are observed near the
short-wave edge of the absorption band, at 256,
313, 385 nm and for the wavelengths corre-
sponding to the transitions 4A2�4T1 (430 nm)
and 4A2�4T2 (600 nm) in Cr3+ and 3H6�3F2,
3F4 (680 nm) and 3H6�3F4 (780 nm) in Tm3+.
In the case of the first two peaks defects of
Fe3+ and Fe2+ are involved. The next peak is
due to oxygen vacancies and O− holes, and the
two bands are due to the recharging mechanism
of Cr3+ ions.

Annealing at 400°C in air causes removal of
the radiative colour centres. Annealing at 800°C
again leads to the removal of the radiative
colour centres and additionally, to other effects
produced during the crystal growth (variation of
the laser emission threshold).

After an annealing of the crystal at 1400°C an
increase in Cr3+ and Fe3+ concentrations is ob-
served, indicating that in the initial crystal in
addition to Cr3+, Cr2+ (the amount of which
in the CTH:YAG crystal is at least the same as
that of Cr4+ before annealing) and Fe2+ also
occur. After gamma irradiation of the crystal a
decrease of Cr3+ and Fe3+ concentrations is
observed; this is of same order as the previous
increase. Additional irradiation of annealed and
gamma irradiated crystals with UV-radiation
from a xenon arc lamp leads to an increase in
Cr3+ and Fe3+ concentrations. That is, UV-ra-
diation leads to the reaction: Fe2+ +UV�
(e− +Fe3+); (e− +Cr4+)�Cr3+, resulting in
an increase in Fe3+ and Cr3+. This explains the
performance of the CTH:YAG laser with air

cooled head which was observed by Kaczmarek
et al. [3].

Gamma irradiation of a crystal annealed in
air at 1400°C causes an improvement in the
laser emission properties of a CTH:YAG crystal
with water cooled head. This is due to an in-
crease of the Cr3+ ion concentration, which
participate in the sensitization process of the ac-
tive Ho3+ ions (by the transition Cr4+�Cr3+).
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