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RADIATION-INDUCED PROCESSES IN A’B° AND OXIDE COMPOUNDS
UNDER PROTON AND GAMMA-IRRADIATION
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Changes in scintillation and optical properties of semiconductor scintillators (SCS) based on ZnSe(O,Te),
ZnSe(Cd), ZnCdS(Te), ZnSSe(Te) and CAdWO, (CWO) crystals were studied under influence of ionizing radiations:
gamma (~1.3 MeV, up to 500 Mrad), protons (~18 MeV, fluence up to 10" perldm™), electrons (0.54 to 2.26 MeV,
up to 50 Mrad), and neutrons (source - thermal reactor channel, fluence up to 10" perldm™). SCS and CWO crystals
have high radiation stability (RS) towards irradiation by gamma-rays and neutrons. Under proton irradiation, CWO
scintillators have much higher RS as compared with SCS. For SCS under gamma-irradiation with D,>(2...5)00° rad
and P=7.7000* R[S, in the surface layer (estimated in tens of nanometers) radiolysis of the crystalline structure oc-

curs, and the loss of mass is observed for the samples (at 7=320 K).

INTRODUCTION

Development of new types of semiconductor scintil-
lators on the basis of isovalently doped zinc selenide
crystals has allowed to efficiently broaden the rather
short list of scintillators used in low-energy
(E<100 keV) X-ray technical introscopy and medical to-
mography [1, 2]. As distinct from crystals CsI(TI),
which are the most widely used for these purposes, scin-
tillators based on SCS crystals are not hygroscopic, their
light output is 1.1 to 1.5 times higher, and afterglow lev-
el after 10 ms — by 2 to 3 orders of magnitude lower
with respect to CsI(T1) [1, 3]. Decay time (3-10 Ws) and
density (5.42 gem™) of these new scintillators are quite
acceptable for their use in detectors for X-ray in-
troscopy; their radiation stability is not worse, and light
output is 2.5...4 times higher than with crystals CWO,
Bi4Ge;0,2, Gd,Si0s used for similar purposes. The radi-
ation stability of the commonly used CsI(Tl) crystals is
rather low — already under gamma-radiation doses of
10° to 10*rad their scintillation properties are signifi-
cantly deteriorated. At the same time, according to our
preliminary data, output characteristics of ZnSe(O,Te)-
based semiconductor scintillators (SCS) remain essen-
tially unchanged under much higher dose loads [4]. In
the present work, new data are presented on the effects
of high doses of ionizing radiation (gamma, electrons,
protons, neutrons) upon luminescent and optical charac-
teristics of scintillators based on zinc selenide and CWO
crystals.

EXPERIMENTAL

Gamma-irradiation of the samples was carried out
using a channel type “Co installation at exposure dose
rate Py up to 3[010°RI[S" (the average energy of gamma-
quanta E~1.25MeV, the absorbed dose Dy<8.50
10°rad). Electron irradiation (B) (Eg=0.54...2.26 MeV,
Pe=300°s"'ldm?>, equivalent dose Dg, < 510’rad) was
carried out by a (*’Sr+*"Y)-source, and the proton irradi-
ation (p) — using a U-150 type cyclotron (E,=18 MeV;,
beam current density 1.900° Aldm?; fluence F,<1.700
10" ¢cm™). Neutron (n) irradiation of the samples was ef-

fectuated in the thermal channel of a WWR-SM type
nuclear reactor at P,=1.2000" neutronldm™ up to the flu-
ence values of F,=1.300'" neutron'cm? (cadmium ratio
>6). Under irradiation of all these types, the temperature
of the samples did not exceed 360 K. X-ray lumines-
cence (XL) of semiconductor scintillator samples was
measured under excitation using an IRIS-3 X-ray source
(U;=35kV, 1.<35mA, Cu-—anticathode). Absorption
spectra were measured at 293 K in the visible and IR
ranges using spectrophotometers EPS-3T Hitachi and
UR-20, respectively.

RESULTS AND DISCUSSION

Among the scintillation materials studied by us the
highest RS under gamma- irradiation is observed with
ZnSe(O,Te) and CWO crystals (Table 1). For other
scintillators, such as Bi4Ge;O,, and Gd,SiOs, gamma-lu-
minescence intensity (I,) is decreased not less than by
75 % under Dy = 500"...100°rad; for CsI(TI) crystals,
light output is decreased by 20...30 % under D,=20
10° rad, and by more than 60% under D,= 10*rad.

Table 1
Gamma-luminescence intensity I, for ZnSe(O,Te),
ZnSe(Cd), ZnCdS(Te), ZnSSe(Te) and CWO as func-
tion of dose Dy

I, a.u., after Dy, rad

Crystal 1-10° [ 410 11107 [ 4107 | 1108 | 4108
ZnSe(O,Te 99 98 96.5 94 90 80
)

ZnSe(Cd) 99 98 96 93 89 78

ZnCdS(Te) 96 92 85 80 73 62

ZnSSe(Te) | 97 | 94 | 88 | 8 | 76 | 71

CWO 97 95 93 87 80 62.5

At first all SCS samples were weighed and studied
by the method of X-ray-element analysis. The
determined values were the absolute content of Te and
O in wt. %, the content of Zn and Se in arbitrary units,
as well as Se/Zn ratio. At the ideal stoichiometric
composition of ZnSe (atom ratio Se/Zn=1) the crystals
contain 547 wt.% = 4.1700* cm”® of Se and
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453 wt. % = 4.1700* ¢cm™ of Zn. Table 2 shows the
experimental data on composition of AN, AT, BN, BT,
CN, CT series of ZnSe(O,Te) crystals.

Samples from AN and AT series has about 0.25-
0.5 wt.% Te. The actual content of Te in BN and BT
samples was ~0.18 wt. %, and that in CN and CT sam-
ples was about 0.01 wt %. Besides, all samples turned
out to be non-stoichiometric: 49 mass % Se to
51 mass % Zn, which means 3.7500%' cm™ Se atoms to
4.68%10* cm™ Zn atoms. Thus, the surplus of Zn atoms
(or the number of Vs.) was found to be ~0.900*' cm™ in
samples both untreated and treated in Zn vapor, slightly
depending on Te content. However, measuring the Zn
profile could give a higher concentration of Zn in bulk

and near the surface of the treated samples (series T).
The stoichiometry deviations in A’B® crystals, determin-
ing the presence of pre-radiation defects are affecting
significantly the radiation stability [5].

It is well seen from the Table 2 that the light output
of T-series samples (treated in Zn vapor) is higher than
in N-series (untreated), as it should be expected [1]. The
treatment in Zn vapor was found to decrease the number
of single Zn vacancies, unless they were trapped at Te
sites to form stable luminescent centers responsible for
high light output of XL at 635...640 nm. Luminescent
centers containing oxygen impurity in B and C series of
samples are responsible for another band peaked at
600...610 nm.

Table 2

Composition, stoichiometry and luminescent characteristics of ZnSe(O,Te) crystals at 300 K. Light output of
XL Ixi (measured by Si-PD) is normalized to CsI(T1l) Ix.=1, and all the intensities of GL (PM) I;. are normal-
ized to that of the reference sample CN3

Sample [Te], [O], Se/Zn L au XL, GL, I, at Amax, at IgL, at
wt. % wt.% ratio > | Nma, 1M | Aax,, nm | 10°rad, a.u. [10°rad, nm| 10° rad, a.u.

ANS 0.26 0.014 0.852 0.1 640 640 0.3 490 0.8
AN9 0.57 0.011 0.854 0.34 640 690 0.4 720 1
BN6 0.18 0.021 0.851 0.26 630 650 1.3 680 2.8
CN3 | <0.01 0.029 0.861 0.16 610 620 1 - -
CN5 | <0.01 0.027 0.849 0.27 610 620 1 660 2
ATS5 0.28 0.012 0.836 0.64 635 640 2.6 660 2.6
AT7 0.49 0.014 0.838 0.69 635 640 4.5 670 1.8
BT12 | 0.19 0.020 0.843 0.47 625 630 2.6 670 1.1
CT5 | 0.008 0.026 0.841 0.43 600 610 1.8 690 1.4
CT8 | 0.009 0.028 0.845 041 600 610 1.6 690 1.3

After neutron irradiation of ZnSe-based SCS, ZnCdS(Te) and ZnSSe(Te) crystals, XL spectra remained prac-
tically unchanged (Figs. 1, 2), and integral XL intensity of neutron-irradiated samples increased by 20 to 50 % as
compared with non-irradiated samples. This kind of irradiation of SCS crystals leads to an increase in optical ab-
sorption in the visible spectral range. In this range absorption is of selective character, with maximum at 510 to
530 nm. One should note that absorption band in the same spectral region is also observed in SCS samples that were
not subjected to neutron irradiation, but were only annealed in Zn vapor.

Neutron irradiation leads also to increased absorption in the IR region (Fig. 3, curve 2), which is especially
strong at A>6 pm. Resistivity of neutron-irradiated SCS samples falls by an order of magnitude. Both for neutron-ir-
radiated and non-irradiated samples, it was possible to describe absorption in the IR region by a A? law (p=2).

Proton irradiation of SCS samples led to sharp degradation of their optical and scintillation properties, and at F,>
10" cm™ XL intensity decreased by almost 90 %. A long-wave maximum shift is observed in the XL spectrum of
proton-irradiated SCS samples (Fig. 1, curves 3, 4). Their non-selective absorption increases in the visible spectral
range by 17 to 20 %, but decreases in the IR range. At the same time, selective absorption bands appear in the 3 to 7
pm region (Fig. 3, curve 3).The resistivity of proton-irradiated SCS samples increased by more than 1.5 to 2 orders
of magnitude.
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Fig. 1. XL spectra of ZnSe(O,Te) samples:
1- non-irradiated; 2- after neutron irradiation (F,=1.3 0" neutronsicm?), 3, 4 - after proton irradiation (F,=1.2[]
10" protons ldm™ and 1.7 10" protons lcm™, respectively)

ZnSe(0,Te) and CWO crystals have also high RS towards irradiation by neutrons (Fig.4). The shape of lumines-
cence spectrum being preserved, I, of ZnSe(O,Te) crystals pre-irradiated by reactor neutrons increases by 10...
300 %, depending upon Fs and the type of crystal. For CWO crystals, I, is monotonously decreasing, reaching 80 %
of the initial value at Fuy= 10" cm™ and 0.5...5 % at F,= 10"...10" cm™. For ZnSe(O,Te), I, is monotonously de-
creased with higher Fu; at Fur= 1.3000'"cm™ it is 78 % of the initial value for non-irradiated crystals. The decrease
of the integral output I, is accompanied, with ZnSe(O,Te) crystals pre-irradiated by neutrons, by a short-wave shift
in the luminescence spectrum (from hVm.= 1.55...1.78 eV for non-irradiated crystals to hvm.= 1.91...1.97).
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Fig. 2. XL spectra of ZnSe(Cd) (1,1°), ZnCdS(Te) (2,2°) and ZnSSe(Te) (3,3°) and after (1°,2°,3°) neutron irradia-

tion (F,,=1.300'° neutrons ldm™)
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Fig. 3. IR absorption spectra: 1 - non-irradiated SCS samples; 2 - after neutron irradiation (F,,~=1.200" neutrons[J
em); 3 - after proton irradiation (F,=1.7-10" protons ldm™)

Under proton irradiation, CWO scintillators have much higher RS as compared with ZnSe(O,Te). Thus, under
F,=8.7000"...1.7000" cm™ I, for CWO is 30-40 % of the initial value for crystals which were not pre-irradiated, for
ZnSe(0,Te) — 0.9...1.2 %. Besides this, for zinc selenides long-wave shifts in the luminescence spectrum were ob-
served.

Scintillator ZnSe(O,Te) has the highest RS towards electron irradiation (**Sr + *°Y source, A = 2000 mCu). Un-
der D..= 510" rad no changes in I, or spectral composition of intrinsic radiation were noted within measurement er-
rors.

Transparence R of ZnSe(O,Te) is most strongly and non-trivially changed under neutron and proton irradiation.
In the case of neutron irradiation of ZnSe(O,Te), simultaneous decrease of R at A >4 mcm (due to free carrier densi-
ty increase) and increase of I, are the evidence of higher density of radiation recombination centers of Zn;Vz,Tes.
type; concentration of Zn; can increase both due to the defect formation processes Znz, — Zni+Vz, (*) and dissocia-
tion of complexes 1[(Zn,) - ml(Zno)+nl(Zni+e’), | = m+n. For ZnSe(O,Te) crystals, processes of (*) type are the most
important, as well as neutron-stimulated annealing of other defects. This leads to the increase of R and short-wave
reconstruction of the luminescence spectrum.
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Fig. 4. Temperature dependence of I, for CWO (1,2,3) and ZnSe(O,Te): (1',2',3") crystals irradiated by neutrons (2,
2') and protons (3,3'); 1, 1'- initial sample

During proton irradiation of ZnSe(O,Te) crystals, the main role is played by the processes of formation of pow-
erful plasma tracks, leading to an increase of high-energy "tail" of the distribution function in the zone, which pro-
mote highly efficient defect formation and/or radiation-stimulated aggregation under the scheme k(Zni+e) — k[
(Zny), with the corresponding decrease of IR-absorption on free carriers and long-wave reconstruction of the lumi-
nescence spectra (Vz,, Vz.Tes. centers).
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PAJIMAITMOHHO-U3JTYYATEJBHBIE ITPOIIECCHI B A’B* 1 OKCHUIHBIX COEJJMHEHUAX
o MPOTOHHBIM U TAMMA-OBJIYYEHUEM

H.I'. Cmapscunckuii, B./l. Pviscukos, /LI I'anvuuneyxuit, J1.J1. Hazopnasa, B.H. Cunun

W3yyeHo W3MeHEHHE CHUHTHULIIMOHHBIX M ONTHYECKHX CBOWHCTB HOJIYIPOBOJHUKOBEIX cruHTWLIATOpoB (IIIIC)
ZnSe(O,Te), ZnSe(Cd), ZnCdS(Te), ZnSSe(Te) u CdWO,; (CWO) kpHCTAIIIOB IIPU BO3ACHCTBHN Pa3IMYHBIX BHJIOB HOHU3HPYIO-
KX M3Iy4eHuil (raMmMa, IPOTOHOB, HEUTPOHOB). [Ipn 06ayuennn kpucramwios [TIIC HeHTpOHaMH UX CBETOBBIXOJ] BO3pacTaeT Ha
20...150 % wn HaOmomaroTCsl 3aMETHBIE N3MEHEHUsI MX ONTHYECKUX XapaKTEPUCTHK B BHUIVMOM M MH(PAKPACHOM JMana3oHax.
IIporoHHOE 06MyuYeHHE MPUBOAUT K CYLIECTBEHHON AErpafaliy ONTUYECKHX M CHUHTWIIAHOHHBIX MapaMeTPOB KPHCTAIIOB
MIIC, npu sTom B uH(ppaKpacHOW 007aCTH HAOIIOAIOTCS CENEKTHBHBIC MOsIochk moriomienus (npu 4...7 mxm). Kpucramisr
CWO o6mazmatot 6oee BEICOKOH paJIMallHOHHON CTOMKOCTBIO K MPOTOHHOMY 00y4eHuto, yem [1I1C. [Ipu BeicokuX m03ax 00iy-

genus IITIC (D>2...5-10° pan) B HOBEPXHOCTHOM CJIO€ KPUCTAJIOB HAGJIONAIOTCA MPOLECCH PAUO0JIN3a M IIOTEPS MACChl 00IIy-
YEHHBIX 00Pa3IoB.

PATUALIIAHO-BUITPOMIHIOBAJIBHI ITPOLIECHU B A’B* TA OKCHUJTHUX CIIOJTYUYEHHSAX
g MPOTOHHUM TA TAMA-OITPOMIHEHHAM

M.I. Cmaporcuncokuii, B./I. Puscukos, JLII. I'anvuuneywvkuii, JI1.JI. Hazopna, B.1. Cinin

BuBueno 3MiHy CHUHTHIALIMHUX 1 ONTHYHHUX BiacTHBOCTell HamiBnpoBimHukoBux cuuHTmsTOpiB (HIIC) ZnSe(O,Te),
ZnSe(Cd), ZnCdS(Te), ZnSSe(Te) Ta CAWO,; (CWO) xpucTaiiB npy BIUIMBI Pi3HUX BHUAIB IOHI3YIOUNX BHIIPOMIHIOBaHb (TaMMa,
NpoTOHIB, HeHTpoHiB). [Ipn onpominenHi kpucranis HIIC neliTpoHamu 1x cBiTiioBuMit Buxizn 3poctae Ha 20...150 % i cocrepira-
IOThCSI TIOMITHI 3MIHM IXHIX ONTHYHHUX XapaKTEPUCTHUK y BUANMOMY Ta iH(ppauepBOHOMY Jiama3oHax. [I[pOTOHHE OMPOMiHEHHS
NPUBOJAUTH 0 CYTTEBOI Jerpajalii ONTHYHUX Ta CHUHTWIALIHHKX napamerpiB kpucraiaie HIIC mpu tomy B iHdpadepBoHiit
00J1acTi CIOCTEPIraloThes CENEKTHBHI CMyTH nornuHaHHs (npu 4...7 MkM). Kpucramn CWO MaioTe OUTBII BHCOKY pamialiitHy
CTIHKICTB 10 NPOTOHHOTO onpoMinenns, Hixx HIIC. Ilpu Bucokux mosax onpominenns HIIC (D>2...5-10°pan) y noBepxHeBoMy
mrapi KpUCTaJIiB CHOCTEPIraroThCsI IPOIIECH Pajiofli3y 1 BTpaTa MacH ONPOMiHEHHUX 3pa3KiB.
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