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The processes of disappearance of radiation defects under thermal, laser, and ionizing
irradiation annealing in gamma-irradiated potassium dihydrogen phosphate crystals con-
taining arsenic ions have been investigated using electron paramagnetic resonance and
optical spectroscopy. It has been found that the disappearance of some types of defect
results in optical absorption reduction in crystal. Basing on the spectroscopic measure-
ments, the possibilities, advantages and drawbacks of different crystal treatment methods
including the above-mentioned kinds of annealing, have been determined. The optimal
conditions of the crystal treatment have been determined.

B ramma-o6aydueHHBIX Kpucrajmax guruapodocdara Kaaums, COLEPIKAIUX IIPUMECHbIe
MOHBI MBIIILSAKA, C I[IOMOINBIO JJEKTPOHHOIO IIapPaMArHUTHOTO PE3OHAHCA U OITUYECKOIl
CIEKTPOCKOIIMK HCCIEIOBAHLI IIPOIECCHl MCUYE3HOBEHUS PANHAIMOHHBIX mAe(PeKTOB IpH Tep-
MUYECKOM, JIA3ePHOM M DPAIMAIMOHHOM OTIKHIe. ¥YCTAHOBJIEHO, UTO HCUE3HOBEHHUE OIIpeje-
JIEHHBIX TUIIOB Ae()eKTOB IPUBOAUT K YMEHBIIEHHIO OINTUYECKOro IIOIJVIOIIEHWS B KPHUCTAJ-
nax. Ha oCHOBe CIEKTPOCKOMMYECKUX M3MEPEHHUI OIpejieieHbl BO3BMOMKHOCTH, JOCTONHCTBA U
HeIOCTATKN PA3JIMYHBLIX CIOCO00B 00pPabdOTKM KPHCTAJIOB, BKJIOUAIOIINX YKA3aHHLIE BBIIIE
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pasHoBuaHOCTH OT:Kura. OnpemeseHsl ONTUMAJbHBIE YCIOBAS 00PaGOTKM KPHUCTAJIOB.

For the development of laser systems and
other quantum electronics devices operated
under short-wave laser and ionizing irradia-
tion conditions, radiation-resistant crystals
are necessary. The use of potassium dihy-
drogen phosphate KH,PO, (KDP) crystals in
laser systems and in electronics devices op-
erating in ionizing irradiation conditions [1]
requires a high stability of the crystal ma-
trix and its optical characteristics against
various kinds of irradiation.

The radiation-induced defects formed in
defect-free KDP crystals are short-living at
room temperature [2]. That is why at
nearly-room temperatures, the crystal struc-
ture is radiation-resistant. In the presence
of impurities, long-living defects are
formed in the crystals. For example, Cu,
Co, As, Al, Si, etc. ions result in stabiliza-
tion of radiation-induced paramagnetic cen-
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ters [3, 4-6] being holes on the p-orbital of
oxygen ions. The hole-like centers influence
the crystal optical absorption in the ultravio-
let (UV) spectral range [5].

Considerable radiation-induced absorp-
tion is associated with the presence of arse-
nic impurity ions. During the growing of
KDP crystals, arsenic ions enter easily the
anionic sublattice substituting isomorphi-
cally for phosphorus ions in the crystal
structure. Under irradiation, free radicals
are formed in such crystals [7—10]. These
radicals result in appearance of absorption
bands in the UV spectral region.

The investigation results [5, 7-10] show
that many undoped KDP crystals intended
for laser engineering contain 7°As impurity
that causes the radiation resistance reduc-
tion of KDP crystals. The arsenic impurity
results in aging processes in crystals under
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UV irradiation. This is evidenced by the
formation of arsenic-containing free radi-
cals under UV irradiation (mercury lamp).
Hence, the arsenic impurity causes lowering
of the radiation resistance of KDP crystals
and restricts the crystal operation duration
in laser devices.

First of all, the radiation stability of the
KDP crystals can be enhanced by reducing
the arsenic concentration in the initial ma-
terials being used to grow the crystals.

Thermal, laser and ionizing radiation
treatment based on annealing of radiation
damages [1, 7-12] can reduce the optical
density of the irradiated ecrystals. This
makes it possible to reuse the radiation-
damaged elements made from KDP single
crystals in quantum electronics devices [1].
Thus, investigation of decay of the radiation-
induced defects in the crystals under various
kinds of treatment is a topical problem.

In the above-mentioned works, the crys-
tals grown by different techniques and
using different raw materials were studied.
In [1, 11, 12, etc.], the nature of the radia-
tion defects has remained unclear. This does
not allow to compare the efficiency of vari-
ous crystal treatment methods and results
in uncertainty in applicability of these
methods in each specific case.

The aim of this work was to investigate
the advantages and drawbacks of the irradi-
ated KDP single crystals treatment methods
using electronic paramagnetic resonance
(EPR) and optical spectroscopy.

The samples of undoped KDP crystals
grown by solvent re-circulation [1] were
used in this investigation. To measure the
optical density, the crystal samples of
10x12xL mm3 size, where L = 10-46 mm is
the sample dimension along the crystal-
lographic c-axis, were cut out of the py-
ramidal part of crystals. Dimensions of the
EPR samples were 3x3x10 mm3. As deter-
mined by chemical analysis, the impurity con-
centrations of Pb, Si, Fe, Al, Ca elements
were 51075, 2.7.1078, 1.8.1074, 2.1073, and
2.8.10°3 wt. %, respectively. According to
[13], the 75As impurity amount in potas-
sium dihydrogen phosphate solutions was
about 1074 to 1073 wt. %. The crystal sam-
ples were irradiated with y-rays of a 69Co
source in the 103-3.10% Gy dose range. The
crystals containing a minimal amount of arse-
nic-containing radicals produced by y-rays
(1016-1017 cm~3) were selected for the studies.

The crystal optical density D as a funec-
tion of wavelength was measured using of
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Fig. 1. Absorption spectra of unirradiated (1)
and y-irradiated (103 Gy) (2) KDP crystals.

a Specord M40 spectrophotometer in the
range of 200-700 nm along the c-axis of
the crystals. EPR spectra were measured by
means of an IRES-1001 X-band spectrome-
ter. The nature of the radiation defects was
determined from the EPR spectra. The con-
centration of the radiation-induced param-
agnetic defects was calculated by a double
integration of the absorption curves in the
EPR spectra.

The thermal treatment of the irradiated
samples was carried out in the nitrogen at-
mosphere at 130-150°C. For the laser treat-
ment of crystals, a nitrogen laser was used
with 837 nm wavelength, 5 ns pulse width,
5-12 mW average power, 10 Hz pulse repe-
tition rate. The y-irradiation with a 0Co
source within 102-107 Gy dose range was
used for the ionizing radiation treatment.
The irradiation and spectroscopic measure-
ments were carried out at room temperature.

The optical spectra of the unirradiated
crystals do not contain any intense bands
within a wide spectral range (Fig. 1). After
irradiation, the intense resonant absorption
bands arise in the optical spectra similar to
those observed before in [1, 5, 7-12].

It is known [1] that programmed thermal
annealing results in a considerable optical
transparency increase of the radiation-dam-
aged KDP crystals [1]. This phenomenon is
usually associated with the thermal curing
of radiation defects.

As is shown in [7-10], the optical trans-
parency increase in irradiated KDP crystals
containing arsenic impurity at the thermal
annealing (Fig. 2) is caused by the disap-
pearance of two broad optical absorption
bands peaked at 260 and 350 nm which are
associated with the AsO,4~ and AsO32~ radi-
cal-ions, respectively.
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Fig. 2. Absorption spectra of y-irradiated
(103 Gy) KDP single crystal prior to (1) and
after (2) thermal treatment at 130°C (8 h)
and 145°C (6 h).

Isothermal annealing experiments carried
out using EPR and optical spectroscopy con-
firmmake it possible to opitimize the an-
nealing conditions of arsenic-containing
radicals. The annealing duration at differ-
ent temperatures resulting in the residual
radical concentration not exceeding 10 % is
presented in Table.

It is seen (Fig. 2) that after the two-
stage isothermal annealing at 130 and
145°C a residual absorption remains associ-
ated with hole-like centers [5]. To remove
it, higher annealing temperature (T, -
180°C) near the phase transition are re-
quired. In this case, to prevent the crystal
damage, rather complex annealing proce-
dures [1] are to be applied including the low
heating of crystals (3-0.3° C/h), stepwise
lowering of the heating rate as approaching
the isothermal annealing temperature and
three-layer screening of samples.

Investigation of the dependences of the
radiation-induced paramagnetic defects rela-
tive concentration on the thermal annealing
duration shows that the thermal treatment
provides a complete decay of the extrinsic
AsO44 and AsO;2~ radiation defects con-
tributing mainly to the radiation-induced
optical absorption at 260 and 350 nm. The
method drawbacks consist in that the ex-
trinsic radiation defects appear again after
repeated irradiation and the heat treatment
at temperatures up to 150°C is ineffective
for annealing of the several types of hole-
like centers.

This work show that the laser annealing
results in destruction of radiation-induced
paramagnetic centers that absorb light at
the laser radiation wavelength.
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Table. Durations (min) of thermal anneal-
ing of free radicals in y-irradiated KDP
single crystals.

Type of | Temperature of thermal treatment, °C
pee | 110 | 120 | 130 | 140 | 150
AsO 4 | 2400 | 530 | 125 30 10
AsO,> | - - - | >400 | 240

When the y-irradiated (3-102 Gy) KDP
crystals are irradiated with nitrogen laser
(power density W = 70 mW/cm? and laser
fluence @ ~ 500 J/cm?) with 837 nm gen-
eration wavelength getting to the absorp-
tion band of the ASO32‘ radical, the EPR
signal from ASO32‘ radicals decreases by a
factor of 5. The higher W and ® wvalues
result in the disappearance of the EPR spec-
trum of the ASO32‘ radical. The absorption
band peaked at 350 nm associated with the
radical disappears.

Unfortunately, only several types of the
radiation defects disappear after the nitro-
gen laser treatment as follows from the ESR
spectra. Perhaps the use of lasers with
higher frequencies is required to eliminate
other types of defects. However, this may
cause the formation of radiation defects.
For example, irradiation of KDP crystals
with the fourth harmonic of a neodymium
laser (AL = 266 nm) causes the formation of
the hole-like centers [4].

At irradiation of KDP crystals with elec-
trons and y-rays, the intensity decrease of
the radiation-induced optical band at
260 nm was observed starting from a cer-
tain irradiation dose [11, 12]. However, this
radiation effect was not established to be
connected with specific defect types of ra-
diation defects.

The high y-irradiation doses (10%-
107 Gy) used in this work provide the com-
plete disappearance of several absorption
bands in KDP. This phenomenon has been
found to be connected with the decay of the
AsO,* and ASO32‘ radicals and HC1 and
HC2 hole-like centers [5, 6]. A considerable
increase in the optical transparency takes
place at the doses corresponding to the
ASO32‘ radical disappearance. This effect
associated with the transformation of
paramagnetic centers [7—9] is applied in the
method of ionizing radiation treatment of
crystals [14]. In this method, the necessary
irradiation dose D, (a critical dose) is deter-
mined by means of EPR measurements. The
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critical dose corresponds to the disappear-
ance of the ASO32‘ radical bands. The D,
(that depends on the crystal growth condi-
tions and the impurity composition) is spe-
cific for each individual series of crystals.

The long-wave wing of the 350 nm ab-
sorption band overlaps partially the visible
spectral range. Therefore, the bleaching ef-
fect can be observed visually at some condi-
tions of the irradiation.. The transparent
unirradiated samples of KDP crystals ac-
quire pale yellow colour at a dose of about
104 Gy, but they become transparent again
after the ionizing radiation treatment at D,
dose. After the treatment, the crystal trans-
parency approaches that of unirradiated
crystals in the visible and long-wave UV
spectral range (Fig. 3).

The optical characteristics of the radia-
tion-treated crystals become radiation stable
because the optical density changes very
slowly at irradiation in the wide dose range.
So, such crystals can be used in the devices
operated under irradiation.

The y-rays are most preferable for the
ionizing radiation treatment. This kind of
radiation does not influence essentially the
crystal lattice, while a corpuscular irradia-
tion such as proton one may damage the
crystal surface [1].

The ionizing radiation treatment is rea-
sonable in the case of low arsenic concentra-
tions in the crystals. In this case, the
ASO32‘ centers decay at rather low doses
which do not deteriorate essentially the
crystal quality.

For the investigated KDP samples, the
y-ray D, dose was 5-10% Gy. The fluences of
electrons (£ = 8 MeV) and neutrons (at the ac-
companying y-irradiation) determined by ex-
trapolating the dose dependences of radical rela-
tive concentration [14] were @, > 51015 cm—2
and @,, > 5:1016 cm™2, respectively.

The advantage of the ionizing radiation
treatment is the possibility to obtain the
KDP crystals with the radiation-stable spec-
tral characteristics. The method drawbacks
consist in that the method can be applied
only to perfect and pure enough crystals;
and the optical absorption does not disap-
pear completely in the 250<A<300 nm
range while increasing at A<240 nm.

Thus, the thermal, laser and ionizing ra-
diation treatments reduce the concentration
of radiation-induced defects and the optical
absorption associated with those in the irra-
diated KDP single crystals containing arse-
nic impurity. The choice of one or other
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Fig. 3. Absorption spectra of y-irradiated
(103 Gy) KDP single crystal prior to (1) and
after (2) ionizing radiation treatment with
y-ray (5-10% Gy).

treatment method depends on the specific
application of the crystals. The isothermal
treatment reduces the concentration of most
types of the radiation defects contributing
to the optical absorption. However, those
appear again after repeated irradiation. The
laser treatment at power density below the
laser damage threshold decreases the con-
centration of defects responsible for the ab-
sorption bands coincident with the laser
wavelength. However, it is to take into ac-
count that short-wave laser irradiation
(A £ 266 nm) results in formation of radia-
tion defects increasing the optical ab-
sorbtion in crystals. The most effective way
to enhance the radiation stability of the
crystal optical characteristics is the ionizing
radiation treatment which can be applied to
crystals with a low concentration of defects
(N~1016 ¢m~3). The method can be used to
reduce the radiation-induced optical absorp-
tion at the wavelengths of A > 250 nm.
Acknowledgment. Author thanks sin-
cerely academician of NAS of Ukraine pro-
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Coco0u 3MeHIIeHHA ONTHYHOTO MOTJIHHAHHSI
B ompoMiHeHMX mMoHOKpHcTamdax KDP,
O MiCTATHh I0HM MU’ AKY

O.M. Jleéuenko

Y ramma-ompoMiHeHUX Kpucrajax gurigpodocdary kamniio, 1o MicTATH JOMINIKOBI ioHM
MU’ Ky, 3a AOIOMOIOI0 €JIEKTPOHHOT'O IIapaMarHiTHOT'O DPEe30HAaHCY i ONMTUYHOI CIeKTpPOo-
CKoMil mocisifkeHo mpollecu 3HUKHEHHA pajianiiHux nedekTiB nIpu TepMiyHOMY, JIa3epHOMY
Ta pagiamiinomy Bigmasi. BeraHoBieHo, o 3HUKHEHHSA BU3HAUEHUX TUIIIB Je(eKTiB IPUBO-
IUTHb 1O 3MEHIIeHHs OITUYHOTO IOIVIMHAHHA y Kpucrajgax. Ha ocHOBI cneKTpocKoOIiuHMX
BUMipIOBaHb BU3HAUEHO MOJKJIUBOCTI, JOCTOIHCTBA Ta HENOJIKM pPisHUX 3acobiB 00poOKU
KPHUCTAJiB, IO BKJIOYAIOTH 3a3HAUeHi BUIle pisHOBUAM Bignany. BusHaueHo omTmMabHIi

YMOBU OOpPOOKM KPUCTAJIB.
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