VYIK 621.039.66

RADIATION RESISTANCE OF QUARTZ GLASSES
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The results of investigations of the quartz window radiation resistance for nuclear fusion reactor conditions are described.
The tests of a few selected materials have shown that the best for a visible spectrum region is quartz KU-1 with a large hydroxyl
(OH) content. In comparison with other tested types of quartz it has the lowest loss of the transparency, the lowest
radioluminescence intensity and in comparison with other materials (sapphire, cerium glass and spinel) preserved its properties in
a widest part of the spectrum after neutron, electron and gamma irradiation. Other type of the quartz glass with a small content of
Cl was tested and found to be more suitable for UV spectral region.

INTRODUCTION

Despite of numerous previous investigations [1] a
problem of the transparent material choice of diagnostic
windows for fusion reactor conditions needs in addition-
al study. Reasons for this are: (1). The expected neutron
fluence for windows in diagnostic channels may reach
of 10'®...10" n/cm? at ionization dose of 0.1-1 GGy(Si)
(below all dose units are given for Si) (2). Fusion reac-
tor radiation conditions (the values of neutron and gam-
ma fluxes and the ratio between these fluxes) will differ
from that of all other radiation sources. (3). The choice
must be done from some materials of different charac-
teristics.

Therefore the next main problems have to be solved:
(1) the choice of the best materials from those that tradi-
tionally are used in thermonuclear devices. (ii) Determi-
nation of the dependencies of the transparency (or opti-
cal density) of the chosen material on fluxes, absorbed
doses and type of irradiation. (iii) Radioluminescence
measurement of material and compare it’s intensity with
the plasma visible radiation. (iv) Measurements of the
transparency and radioluminescence dependencies on
the temperature, and investigation of a possibility of
material characteristics restoring by thermal annealing.

Below the results of investigations in this subject,
which were accomplished in European, Japanese and
Russian laboratories, are described.

THE CHOICE OF THE WINDOW
MATERIAL

The next materials were selected for preliminary
tests: three types of the quartz glass with different con-
tent of hydroxyl — KUVI-S (010* % OH), KUVI-M
(~0.01% OH) and KU-1 (~0.1% OH); sapphire, magne-
sium aluminate spinel MgAl,O, and radiation resistant
cerium glass S-96 [2]. Recently the transparency of
quartz glass KS-4V [3] in a near UV region was studied
and it radiation resistance was compared with that for
other materials. Samples from all these materials usually
were of 2 cm in diameter and 0.8 cm in thickness.

The next radiation sources were used for tests [2]:
9Co gamma source (dose rate dD,/dt <12 Gy(Si)/s and

dose D, <12 MQGy), pulse electron accelerators LU-40 in
Kharkiv (pulse duration 1=2.9 ps, repetition frequency
f=12.5...150 Hz electron energy E.=10 MeV, average
dDy/dt=0.15...1.0 kGy/s, D,<8 MGy), LU-50 in
Sarov (1=10ns, f<2.4 kHz, E~50 MeV, average dD,
/dt <30 Gy/s, D, < 700 kGy) and Van de Graaf electron
accelerator in CIEMAT (0.7 kGy/s, D, < 20 MGy); neu-
tron generators in Moscow region and in Japan (neutron
flux on samples dF./dt = 10" n/cm’s at dD/dt = 0.03...
0.15 Gy/s); nuclear pool-type reactors in Kurchatov In-
stitute (for E,>100keV, dF.,/dt=7-10”n/cm’ D
v< 2.5 MGy, F, <10* n/cm?). Usually the temperature
of sample during and after irradiation was not more than
30...50°C (in some experiments up to 300°C).

The main results of the tests were following:
(1). Transparency of all tested materials is very sensitive
to all kinds of the radiation in a near ultraviolet spectral
region; (2). Spinel and cerium glass completely lost
transparency at the wavelength region A <400 nm and
were excluded from further tests, but their transparen-
cies at A >400 nm are almost not sensitive to irradia-
tion; (3). Sapphire also is very sensitive in all visible re-
gion (Fig.1) and may be used only for an infrared radia-
tion [4]; (4).
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Fig. 1. Transmission spectra of sapphire (curves 1.1
and 2.1), quartz glass KU-1 (1.2 and 2.2) and quartz
glass KUVI-S (1.3 and 2.3) before (1.1, 1.2 and 1.3)
and after (2.1, 2.2 and 2.3) irradiation in the nuclear
reactor to neutron fluence of 10" n/cm’ and y-dose of

45 MGy [4]
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The difference in the transparency spectra for three
types of quartz glasses is rather small and all they were
left for additional tests.

DEPENDENCE OF QUARTZ GLASS TRANS-
PARENCY ON IRRADIATION CONDITIONS

Irradiation of KU-1 samples in the nuclear reactor
up to neutron fluence of 6x10" n/cm? (total ionization
dose of ~3 GGy) and by electron beams up to 10 MGy
have shown that the optical density {OD=A"lg(ly/]),
were A is the sample thickness and I, and I are intensi-
ties of the incident and transmitted light} at A>350 nm
practically did not changed with exception of a week
absorption band at A=620 nm [5]. From the irradiation
start OD at A<350 nm increases gradually after the dose
of ~10 kGy and then, from ~1 MGy, either saturates or
even starts to decrease (Fig.2). After the termination of
irradiation the optical density for A<350 nm decreases
sharply and in the short wavelength region optical den-
sity, measured after irradiation [6,7], shows less values
than measured in situ.
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Fig.2. Radiation Induced optical density (RIOD=0
A=difference OD, measured during and before irradia-
tions) for several wavelength, measured in situ under
electron irradiation at temperature of ~70°C [7]

Analogous results were obtained for the transparen-
cy dependence of glass on the neutron flux and gamma
dose rate (Fig.3): both of them practically does not in-
fluence on the induced optical density at the wavelength
region of A>400 nm, but at shorter A the larger flux
leads to the lower transparency at equal fluences.
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Fig.3. Radiation induced optical density OA(A) of two
KU-1 samples after irradiation to neutron fluence of
10" n/em’ (D~ 3 MGy) at different neutron fluxes -

5.9x10" n/cm’s and 6.2-10" n/cm’s [5]
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The KU-1 optical density depends on the tempera-
ture during irradiation only at A<350 nm [8-10]. The
higher is the sample temperature the faster increased the
optical density during irradiation and the lower its satu-
ration value at equal gamma doses and dose rates. The
last effect corresponds to the possibility to restore the
quartz transparency by heating. The direct measure-
ments have shown that the transparency of irradiated to
neutron fluence of (0.1...6)-10" n/cm? KU-1 samples
really are restored after heating up to 700...800°C [11].

At the expected reactor conditions between opera-
tions pulses the windows will be exposed to gamma ir-
radiation from activated by neutrons reactor environ-
ment equipments. To check this effect the KU-1 sample,
irradiated in a nuclear reactor up to fluence 10" n/cm’
was Y irradiated to the additional dose of 3 MGy [12].
Its transparency in UV region almost was not changed.

RADIOLUMINESCENCE OF QUARTZ
GLASS KU-1

To be sure that the luminescence of the chosen win-
dow material under neutron and gamma irradiation will
not prevent any optical measurements, the luminescence
of some chosen materials under neutron, electron and
gamma radiation was studied. The main difficulties of
such experiments consist in requirement of measure-
ments in situ at rather low luminescence intensity.

For in situ measurements the radiation source must
assure the test of samples without introducing addition
optical elements. This requirement excludes the use of
stationary nuclear reactors. For low luminescence inten-
sity measurement it is necessary to have very sensitive
registration system or high intensity of radiation source.
In these experiments the “Co gamma source and neu-
tron generator were used with sensitive detection system
[13, 14]. The electron beam of Van de Graaf accelerator
with dose rate of 700 Gy/s [15] and pulse nuclear reac-
tor with an average dose rate for one pulse of 155 kGy/s
was used also [16].

To compare luminescence of different materials the
samples of sapphire, anhydroguide quartz (analog of
KUVI-S) and KU-1 were tested under electron beam
[15]. Anhydroguide quartz emission has pronounced
maximum at A=450 nm (this maximum was observed
also under X-ray irradiation [8]) and low intensity maxi-
mum at A=650 nm. Emission spectra of KU-1 glass
have very smooth curve weakly pronounced maximum
at 450 nm and 650 nm.

Common feature for both glasses is the increased
emission at A<300 nm, which decreases with neutron
fluence and y dose due to increasing of the reabsorption
by optical centers in this region. Results of absolute
measurements of the radioluminescence (RL) intensity
for tested materials are shown in Fig.4.

Measurements at different temperature T have
shown that KU-1 luminescence does not depend on T at
all. Emission of anhydroguide quartz at ~450 nm de-
creased with T and maximum disappears at ~350°C and
became almost the same as KU-1 spectrum. Spectra
both of them, corrected for the self-absorption, are near



to the theoretical dependence of Cherenkov radiation on
the wavelength (A2).
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Fig.4. Radioluminescence (RL) spectra for two types of
Si0: and the Union Carbide UV grade sapphire after
2 h irradiation with the electron beam at 15°C, 700
Gy/s, and ~107" dpa/s [15]

Two identical samples of anhydroguide SiO, were
irradiated from D-T neutron generator and from “Co
gamma source. Results of luminescence measurement
are shown in Fig.5 [13]. Data given in [13,14] allows to
compare luminescence efficiencies for different materi-

als under irradiation with neutrons from the D-T neutron
generator and with gamma quanta from the “’Co source.

Results of relative luminescence intensity measure-
ments in the spectral region of 350...650 nm are ad-
duced in Table 1 [13]. These data show that from the
point of view of minimum radioluminescence back-
ground intensity in a visible spectral region the best ma-
terials are silica glasses and the best of these - the quartz
glass KU-1.
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Fig.5. Wavelength spectra of photons emitted by identi-
cal high-purity SiO, samples in DT-neutron and *Co
gamma ray irradiation experiments at room tempera-

ture [13]

Table 1
Number of emitted photons per unit absorbed energy in a visible range (350...650 nm)
Sample Peak wavelength D-T neutrons and Yy-rays (pho- %Co y-rays
(nm) tons/MeV) (photons/MeV)
Anhydroguide SiO, 450 17+6 170+60
KU-1 quartz glass 650 1445 -
Ge doped silica 390 83+30 410140
Sapphire 410 2500+1000 27000£11000
Calcium fluoride <350, 550 270£110 1300£500

Radioluminescence measurements using pulse nu-
clear reactor have some advantages to compare with
other sources: ratio of neutron to gamma fluxes is near
to expected for the fusion reactor and pulse mode of ir-
radiation allows to avoid of possible influence of the ab-
sorbed dose and also to measure in one pulse lumines-
cence dependence on irradiation flux. Luminescence
spectra for this case are shown in Fig.6.

Investigation of the temperature and preliminary ir-
radiation influence have shown that temperature in-
crease from 18 to 100°C does not changed lumines-
cence intensity and after preliminary irradiation up to
6x10" n/cm?* the emission intensity at A=620...670 nm

became almost 2.5 times larger, but after further in-
crease neutron fluence up to 6:10' n/cm? intensity de-
creased by ~20%.

Other part of the spectrum remains unchanged. Re-
sults of KU-1 radioluminescence measurement at differ-
ent radiation sources are given in Table 2. Comparison
of estimated values of plasma continuum emission and
windows radioluminescence for expected ITER condi-
tions has shown [16, 17] that luminescence of KU-1 and
anhydroguide quartz glasses will not prevent signal
from plasma diagnostic but sapphire emission is near
the brink permissible.

Table 2

Radioluminescence intensity in the spectral region of 350...650 nm of KU-1 samples irradiated from different

radiation sources

Radiation Operating Ionizing Displacement Photons number Ratio of radiated en-
Source condition dose rate, dose rate, per 1 MeV of total ergy to
(Gy/s) (dpa/s) absorbed energy absorbed energy

Electron

accelerator stationary 700 ~101° 80%) ~2-10*
Neutron stationary

generator 0.5 ~1071° 14%) ~4-10°
Nuclear pulse, FWHM in one pulse at an
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Fig.6. Radioluminescence spectra of specimen KU-1,

measured in a pulse nuclear reactor before and after

preliminary irradiation in a fission reactor to two dif-
ferent fluences [16]

All results of KU-1 tests have shown that this type
of glass may be used for diagnostic windows in spectral
region of A>350 nm at expected for ITER radiation con-
ditions.

PROPERTIES OF QUARTZ GLASS KS-4V
FOR UV REGION

Quartz glass KS-4V, manufactured in St-Petersburg
(IRUVISIL Co., Ltd.), differs from other types of glass-
es by low content of Cl-20 ppm (KU-1 -~100 ppm)
[3]. It has also very low content of hydroxyl (<0.1 ppm)
and different metal impurities (3-15 times less than that
in KU-1) KS-4V was recommended by manufacturer as
radiation resistant in UV spectral region. Transparency
spectra for this region of some samples from different
ingots are shown in Fig.7 together with data for KU-1.

It could be seen that at A>330 nm all samples KS-4V
have practically the same transparency, but at the short-
er wavelengths their transparencies are essentially dif-
ferent. There are some suppositions on the reason of
such effect. The ingots of KS-4V differ not only in time
and technology of their fabrication (after producing of
ingot 5/155 a technology was changed) but in a content
of metal impurities also. Transparency behavior of dif-
ferent samples to some extent correlates with an iron
content, but opposite to the content change of alu-
minum. The content of other impurities in these samples
is identical [18].
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Fig.7. Transparency spectra of samples KS-4V (thick-
ness of 10 mm) from various ingots and KU-1 (thick-
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ness of 8 mm) one day after irradiation up to 900 kGy
at 35°C

At y-doses of Dy <270 kGy short-living component
of absorption for some samples was observed in a visi-
ble region [18]. If KU-1 optical density diminished only
in UV spectral region (Fig.2) independently on gamma
dose and dose rate [6], optical density of KS-4V de-
creased also in a visible region, but only at relatively
small gamma dose (Fig.8).
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Fig.8. Radiation induced optical absorption of KS-4V
measured 15 minutes and 24 hours after irradiation at
D,=9kGy at 35°C [18]

Much higher absorption was observed after irradia-
tion in a nuclear reactor (Fig.9). In spite of KS-4V looks
much more transparent than KU-1 their transparencies
became <10% (0A=1 cm™) at A<260 nm for KS-4V and
at A<290 nm for KU-1. For plasma diagnostics it does
not make any difference.

As to KS-4V radioluminescence, it is typical for an-
hydroguide quartz glasses [20]: its spectra are looks like
for KU-1 under neutron irradiation and have rather
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Fig.9. Radiation induced absorption in UV region of
KS-4V and KU-1 after irradiation in a nuclear reactor
up to fluence of 3-10"° n/cm’ and y-dose of ~1 MGy at
the temperature of 16...30°C [19]

large peak at ~450 nm under gamma or electron irradia-
tions (Fig.10).
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Fig. 10. Radioluminescence spectra of quartz glasses
KU-1 and KS-4V under electron beam radiation at dose
rate of 700 Gy/s and normal temperature [20]

Comparative study of KS-4V and KU-1 characteris-
tics has shown that at gamma and electron irradiation
KS-4V has better transparency in UV region but much
larger radioluminescence intensity then KU-1 glass. At
neutron irradiation these glasses have almost identical
characteristics.

DISCUSSION

Adduced above data shows that all tested materials
have large induced absorption coefficients mostly in the
UV-region of spectra. The best materials are quartz
glasses, but all of them have absorption bands at 215
and 260 nm. The 215 nm band is observed in all quartz
glasses and is caused by E’ centers, that is formed by
trapping a radiolitic hole in Si-Si bond at the site of oxy-
gen vacancy. The 260 nm band is more intense for OH-
free quartz glass (Fig.9). It has been attributed to oxy-
gen-related defects, such as non-bridging oxygen hole
centers (NBOHC). Comparison of measured influence
of reactor’s neutron and electron irradiation [2,8] on op-
tical absorption leads to conclusion: as a whole quartz
glass, which has the high concentration of OH group
(wet glass), is a little bit more radiation resistant to com-
pare with dry glass (Fig.9).

From the spectra of RL under electron excitation one
can distinguish bands in SiO, at 290, 450 and 650 nm
[8]. The nature of indicated bands was discussed in nu-
merous review papers. Most probable the 650 nm band
is related to NBOHC, the 450 nm is related to the oxy-
gen-deficiency centers (ODCs) - specifically to di-co-
ordinated silicon -ODC(II). The band at 290 nm also re-
lated to ODC(II) - oxygen di-vacancy. It was found that
relative RL intensities of bands very sensitive to the
source of irradiation [14,15]. Under electron excitation
at dD./dt =700 Gy/s the intensities of different bands
are comparable. In DT-neutron experiments (Fig.5) dD,
/dt =0.03 Gy/s the intensity of the 450 nm band is the
lowest despite the simultaneous irradiation with neu-
trons at the dF,/dt=4.6:10'"" n/cm’s. Under irradiation
only in “°Co gamma ray source at higher excitation (dD,
/dt=0.47 Gy/s) the intensity of this band increases by the
order of magnitude. Thus, most of this luminescence
comes from the defects (either intrinsic or newly pro-
duced) in electron excitation. From Table 1 one can see
that in DT experiments still the number emitted photons
per unit absorbed energy is lowest for SiO, samples to

compare with other potentially used materials for opti-
cal windows.

Comparison of the dose rate dependencies of optical
properties of the KU-1 glass irradiated with pulse elec-
tron beam and continuous neutron bombardment indi-
cates that formation of the stable optical centers in-
volves the transient processes, that are dependent on the
type of excitation and density of deposited energy.

The pulsed dose rate at the electron irradiation leads
to the instant energy deposition of 2.2 MGy/s [8] in ma-
terial that leads to creation the high density of defects.
Post irradiation evolution and interaction between these
transient defects facilitate creation of the stable optical
centers. On the other hand, the continuous irradiation
even at the highest neutron dose rate of 6.6:10" n/cm’s
produces transient defects with large spatial separation
excluding their mutual interaction and nonlinear effect
of stable center formation.

CONCLUSION

These investigations were undertaken with the aim
to find and to test a suitable material for windows of
ITER diagnostic systems. Obtained data have shown
that in ITER radiation conditions all types of quartz
glass may be used in the spectral region of
350-2000 nm. A little bit better for this region is quartz
KU-1 with a large content of hydroxyl — it can stand at
the higher neutron fluence and has slightly lower radio-
luminescence intensity than anhydroguide, high purity
and extremely purified (with small amount of Cl impuri-
ty) quartz. But the quartz glass KS-4V (of five times
less content of chlorine) has in a near UV spectral re-
gion somewhat better transparency at neutron irradiation
and much better one at gamma radiation dose of
1-3 MGy.

At the same time there are some questions, which
are left without answers. (i). Almost all data on optical
density were obtained after irradiation. Optical density
in the short wavelength region during and after irradia-
tion may be different. (ii). The ratio between neutron
and gamma irradiation expected for a fusion reactor will
be different from this one used in described experi-
ments.

It was shown that effects of neutron and gamma irra-
diation are not identical. But it is unlikely that all of
these circumstances can change the main results of pre-
sented studies — quartz glass KU-1 is the most radiation
resistant material for diagnostic windows in a visible
spectral region and KS-4V is better for optical radiation
in the near UV range.
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JOCJIJIKEHHS PATIAIIMHOI CTIMKOCTI KBAPHIEBUX CTEKOJI IO HEUTPOHHOI'O
TA TAMMA-OITPOMIHEHHS

b.A. Jlesin, /I.B. Opauncoxuii, K.FO. Bykonos, B.T. I'piyuna

Omnucani pe3yapTaTH AOCTIMKCHb pajialifHOl CTIMKOCTI OESKUX BHIIB KBapIOBUX BIKOH JJIs OYIKYBaHHUX YyMOB
TEPMOSIEPHOTO peakTopa. BunpoOyBaHHs AeKiNbKOX BHOpaHHMX MarepiaiiB mokasaid, mo keapi KY-1 3 BucOKMM BMicTOM
rizpokcmiry OH kpamuii i3 JoCTiKeHuX A1 BUOAUMOI 001acTi crieKTpy. B mopiBHAHHI 3 ApYrUMH 3pa3kaMu MaTepiaiis (candip,
uepieBe crekio Tta mminens) KY-1 B Oinpiuiii Mipi i B OimblI MIKMPOKOMY Jiama3oHi CHEKTpY 30epirae mpo3opicTh Mmicis
HEHTPOHHOTO, EJICKTPOHHOIO Ta raMMa-onpomiHeHHs. [Jpyruii tun kBapiy, KC-4B, 3 BiIHOCHO HH3BKHM BMICTOM XJIOpY,
BUSIBISIETHCA OUIBIN pafialiifHO-CTiHKkuM B Y D-001acTi criekTpy.

HCCJEJOBAHUE PAIMAIIMOHHOM CTOMKOCTHU KBAPHEBBIX CTEKOJI K HEUTPOHHOMY
U TAMMA-OBJYYEHUIO
b.A. Jlesun, /1.B. Opaunckuii, K.IO. Byxonos, B.T. I puyvina

OmmcaHbl pe3yNbTaThl UCCICIOBAHNH PaJUalOHHON CTOMKOCTH HEKOTOPBIX BUIOB KBAapIEBBIX OKOH ISl OJKHIAEMBIX pa-
IUAMOHHBIX YCIOBUH TEPMOSIEPHOTO peakTopa. VIcbITaH!Us HECKOIBKHUX BEIOPAHHBIX MaTEpPHAIOB IOKa3aiy, 4yTo kBapy KY-1,
HMEIOIINH BBICOKOE cozeprkanne ruapokcmia OH, mydammii u3 HUX U1 BUAUMOHN obnacth criekTpa. [lo cpaBHEHHMIO ¢ ApyruMu
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UCIIBITAHHBIMU 00pa3liaMy MatepHanoB (candup, nepueBoe cTexiio u mmnuHenb) KY-1 B Gonblueit crenenu u B 0ojee MUPOKOH
005IacTH CHEKTpa COXpaHseT MPO3padyHOCTh MOCIE HEHTPOHHOTO, NMEKTPOHHOTO M TraMMa-o0mydeHus. Jpyroil tum kBapua,
KC-4B, ¢ oTHOCHTENbHO HU3KUM COAEPKAHUEM XJIOpa, OKA3aJICsl HECKOJIBKO OoJiee painalliOHHO-CTOMKUM B Y dD-001acTH CIieK-

Tpa.
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