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The characteristics of Bafbarium fluoride crystals, grown from the materials provided by manufacturers,
were investigated. The parameters which are important for application of the crystals in low-energy
physics, electromagnetic high-energy calorimeters for detegtings and electrons, and measurement of
energy in the maximum possible range from tens of MeV up to hundreds of GeV, as well as applications in
medicine, instrument building, geology, and so on, were measured. 7 figures, 3 tables, 13 references.

Barium fluoride Bak single crystals are widely used in science and technology. They are used to fabricate optical
windows, prisms, and lenses transmitting radiation ranging from infrared to vacuum ultraviolgsiBglE crystals are
heavy scintillators with short emission times and are used in nuclear physics and elementary-particle physics foy detecting
radiation and electrons in electromagnetic calorimeters [1-10]. These crystals can also be used in applied problems, for exar
ple, positron tomography.

The radioluminescence spectrum of BaFystals contains two components — a fast component with wavelength in
the deep ultraviolet range 175-250 nm and a extremely short emission time 0.6 nsec and a slow component in the wavelenc
range ~250—-400 nm with emission time 620 nsec (Fig. 1). The existence of a fast component makes it possible to use su
crystals in nuclear physics to measure the time of flight of elementary particles. Of course, the use of photomultipliers with
quartz or Mgk windows for highly efficient detection of ultraviolet radiation makes it more expensive to usedatitla-
tion crystals. However, the simpler and cheaper technology for growing such crystals, as compared with other scintillation
crystals, compensates this drawback. We also note that the difference in the particle-energy dependence of the light output
the radiation components of BaErystals can be used to identidyparticles, protons, angrays in low-energy nuclear
physics [11]. In high-energy particle physics research, the relatively short radiationigrgehcm, the radiation resistance
~10 Mrad, the high light putput per unit absorbed energy (reaching 25% relative to the standard Nal(Tl) crystals), the absenc
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Fig. 1. Fastt ~ 0.6 nsecX) and slev T ~ 600 nsec spectm (2)
of the mdioluminescence of Bafrystals.

TABLE 1. Popeties of Some In@anic Scintilldors

Chaacteistics Na(TI) Cs(Tl) YAP BGO PWO BaF, CeR
Chemical bond Nal Csl YalO; |BisGey0;, PbWO, BaF, Cek
Activator T T Ce - - - -

Zog 50 57 36 74 76 52 53

P, g/crrf3 3.67 4.53 5.55 7.13 8.28 4.8 6.16
Xor cm/glent 2.6/95 | 1.9/84 | 29/16 | 11/79 | 0.9/7.3 | 2.06/9.9| 1.68/10.4
Moliere radius,cm 4.3 3.8 3.1 2.3 2.2 3.4 2.63
dE/dX i, MeViecm 4.1 5.1 6.6 8.1 9.3 6 -
Critical enegy, MeV 125 10.2 ~19 8.8 8.5 12.0 ~13
Light output,% Nal 100 85 40 13 ~1 25 7
Component faction,% 100 - 97/3 9/91 60/40 20/80 21/79
Number of photons per MeY0® 38.0 32 19.7/06| 0.7/75 | 0.3/0.2 | 0.2/65 | 1.2/45
Absorption length (511 &V),cm 3.5 - 2.24 111 0.96 2.1 1.9
Amax NM 410 550 347 480 530 210-310| 285-307
Refractive inde at A4 1.85 1.8 1.94 2.15 2.16 1.56 1.68
Mohs hadness 2 2 8.5 5 4 3 4
Tempesture coeficient, %°C ~0 -0.6 - -1.6 -2 -2 0.14
Chemical actiity High Low Low Low Low Low Low
Hygroscopicity Strong Low None None None None None

of hygroscopicity and weak demical actiity make it possilte to poduce compact elecimagnetic caloimetess with high
enegy and tempal resolution & enegies rangng from seeral tens of MeV to hunéds of GeV (@ble 1). Consequent|
BaF, crystals could ihd wide aplicaion in high-enegy paticle plysics, nudear plysics,and br the solution of other
applied poblems.

Methods for Growing Crystals and Measuing Their Characteristics. Four seies of Bak single cystals,grown
by directed cystallizaion from melts of stdc obtained fom different mamifactuers, were irvestigated The cystals of the
sefies |-V were distinguished not onlby their ggometic dimensionswhich were 7.1x 7.7 % 10 mm,7.1x 7.7 % 78 mm,
5x5x 4 mm and] 33.5x 44.7 mm respectiely, but also ly the puity of the initial maerals and the marials of the cu-
cibles in which they were piepared The cystal gowing chambeyconstucted br opestion & inert and fuorinating gase pes
sures up to 1.5-10Pa and tempetures up to 200TC, made it possile to obtain a 10 Pa vacuum. Gaphite cucibles and
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Fig. 2. Amplitude distibution of the light pulses with radigion of Bak,
crystals ly 137Csy rays.

heders were usedThe impuity concentation in the initial ©iaige did not &ceed 10° mass%The initial mw maerial con
sisted of synthetic biam fluoride pavders. Fnely dispesed Bak powders, prepared flom pue gade BaCQ by fluorination,
were used dr growing single cystals.The cystals vere gown in nidkel crucibles for sample No. 3platinum cucibles for
sample No. 7, OSCH-7-5afle BaCQ and nikel and pldnum cucibles were used ér samples Nos. 6 and respectiely.
The tempeature coeficient in the cystallizaion zone was ~100C/cm,and the linear wth rate was 10—-15 mm/hrhe pi-
maly assessment of the optical qualities of gistals vas made visuaflusing cossed polands and a neon-helium laser with
632.8 nm vavelength. Opticajl uniform crystals were obtained onl if the tedinology for prepaiing the initial maerals and
the gowth conditions gve a lav impuity level. Speciically, it was estblished tha light scdtering in the cystals is due to
precipitaion of a fnely dispesed phase of nonisonpdiic bairum oxide impuity in the gown crystal. Consequertl the
growth process was conducted in a s$iafluorinating amosphee in oder to obtain opticall uniform ciystals.

The setupdr measung the harmacterstics of the cystals consisted of a light-tight énto which a photoraltipli-
er, a Gaantiya-3 amplifer, BaF, crystals,and a deice for moving a collimaor with radioactve 137cs and®Co souces vere
placed Ultraviolet photons fom the Bak crystals up to \avelength ~170 nm are detected with a FEU-39A photaitipli-
er with a quaz windov and a 40 mm in diameter phottiwade The optical contacts beegn the grstals and the photo
multiplier window were illuminaed using a p@-gade (CH) aseline oilthin silicone ubber, BI-630 gel from the BIKFON
Compary or pue transpaent ubber gel. Teflon ribbon and aluminied lavsan vere used ér padking the cystals. Raditon
from 3’Cs and®°Co was passed tbhugh a 40 mm long steel collitaa with an 8 mm in diameter openinthe collimador
axis was pependicular to the long axis of theystals.The collimded souce could mue over a fxed distance along theysr
tal in oder to dilange the iradigdion zones vinen measung the deendence of the ergrresolution and amplitude on the
distance beteen the iradiadion zone and the phototteode The CAMAC standasl was useddr the meas@ment electon-
ics. Informaion was accumalated and output using a PAR86 pesonal computer with MES sofese. The anode pulses
from the FEU-39A photomitiplier were fed into a 12-sannel analg-to-digital corverter ADC 2249A Le Coy with 60usec
time resolution and 0.2—-256 pkamge. When necessgrthe pulses wre pieamplifed with a lav-noise Gaantiya-3 interat-
ed amplifer. The pulse dwtion of the gtes br the analg-to-digtal corverter was egulated from 40 to 1000 nsedo elim
inate the high-fequeng noise the high- and lav-voltage constants of theoltage souce were fed though flters placed in a
box containing the photouditiplier and rght next to the Gaantiya-3 amplifer. A CC217.10 module &as used as the CAMA
crate contoller. The assemlly work was monitoed ty detecting the'3'Cs CEy = 662 leV) and®%Co (Eyl = 1.173 and
E,» = 1.332 MeV) rdidion with al] 40 x 40 mm Nal(Tl) cystal.All r eference spectr obtained using thisystal possessed
well-expressed photopeaks and Compton andkdedtering peaks.

Measurement ResultsThe Bak crystals fom the irst seies, with dimensions 7.k 7.7 x 9.8 mm (Kg. 2a) and
7.1x7.7x10 mm (Fg. 2b), were paked after being cafully polishing into a container using a tef ribbon which reflect
ed ultaviolet light well. Vaseline oil vas used to mduce an optical contact beten the outputaices of the gistals and the

57



TABLE 2. Compaative Chaacteistics of Bak Crystals J = 1 kV)

. . Amplitude eso-
o Crystal siz, AmplitudeE, .
Organizdion . lution o(E), a(E)/E, %
mm arh units )
arh units
Institute of Genal Plyiscs,RussianmAcadeny of Sciences 7.1x7.7x9.8 3.57+0.013| 0.49+0.02 13.7
All-Russia Scientit-Reseath Institute of Chemical Emgeeing | 7.1x 7.7x 10| 9.66+ 0.007 | 0.68+ 0.007 7.0
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Fig. 3. Amplitude distibution with iradiaion of
7.1x7.7x78 mm Bak crystals ly 137Csyrays.

input windawv of the photoraltiplier. The spectim and engy resolution of the gstals were measwed usingla7Cs
(Ey= 0.662 MeV)yrays.A well-resolhed photopealGcoresponding to 6626k, is obseved in the speaim ayainst the bdc
ground of the continous Compton digtrution (see K. 2a); the photopeak in the spaatn is nuch less distinct (seeidr 2b).
The esults of the desiptions of both spectrby a supgposition of nomal distibutions made it posdito estimge the posi
tion of the lines and the emgrresolution of the grstals with 662 &V y rays.

It follows from the déa in Table 2 tha the scintilldion light output of the grstals in theifst seres, which were
grown from mderial obtained fom the Institute of Genak Ptysics of the Russiaficadeny of Sciencesis moe than twice
the light output of grstals gown from the méerial obtained fom theAll-Russia Scientit-Reseath Institute of Chemical
Engneeing. In accodance with the high light outpuhe reldive enegy resolution of the gistals in detection and mea
surement of the engy of 662 leV yrays is almost tw times betterThe low light output is most ligly due to an inadeqte
degree of puity of the initial Bak powders used ér growing the single grstals & the All-Russian Scientit-Reseath
Institute of Chemical Engeeing.

BaF, crystals fom the second ses were distinguished Y their lage length 7.1x 7.7 x 78 mm. Initial measur
ments of their speametic chamacteistics were perbrmed without paking in two geometic positions eldive to the phe
tocahode of the photouitiplier: horizontal and ertical. Optical contact beteen the dces of the gistals and the ersince
window of the photomaltiplier was obtained using a thinyler of vaseline oil. kgure 3 shavs a typical amplitude dighu-
tion obtained P irradiaing one of thedur crystals With137Csyrays (Ey= 662 leV). The arerage relaive resolution obtained
for the bur ciystals in a harzontal position itting Gaussian disitoutions to the xpeimental speca waso(E)/E [0 15%.
Since br a \ettical arangement of the grstals no photopeakas obsered and the barmacteistics of all bur crystals in the
horizontal position tuned out to belose measuements ere perbrmed with an asserpof all four ciystals placed in a
single light-eflecting tefon vessel A photopeak \as obtained and an eggrresolutiona(E)/E ~ 30% was obtained with
y-ray enegy 662 leV. The use of an atitional Gaantiya-3 amplifer, placed diectly near the photouitiplier anode
improved the engyy resolution;o(E)/E in this case ws ~20%. It \as noted thavaseline oil and/I-630 gel from the
BIKRON Compap, which were used to obtain an optical contact begw the grstal and the photouttiplier, gave gprox-
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Fig. 4. Light tansmission coétient of Bak crystals \ersus

wavelength br samples Wwich ae gown from a dhaige pepared

in platinum (1, 3) and ni&el (2, 4) crucibles,OSCH-7-5 and CH
grade BaCQ, respectiely; 5) industial sample
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Fig. 5. Typical amplitude distbution obtained ¥ irradiging a
5 x 5 x4 mm Bak crystal,grown from a daige pepared in a
platinum cucible from OSCH-7-5 BaCgQ

imately the same amplitudesolution.The later obsevation could indicée high &soiption of photons fsm the dep-UV
component of the 175-250 nmdiaion in the stuctural components of theeflector and in the gistals themsebs.

In working with the thid sefes, the scintilldion chamcteistics of the cystals gown from BaFk, pawvders synthe
sized using BaC@compounds with dierent puity in nickel and pléinum cucibles were compaied The initial maerials
consisted of thedllowing grades of BaCQ pure gade (CH) and ulgpure gade (OSCH-7-5)The scintilldgion character
istics were compaed with the analgous cystals obtained under industrconditions.

The dimensions of all samples afteogessing and polishingare 5x 5 x 4 mm.The tansmission coétients in
the wavelength ange 0.2-18um were measuwed for all ciystals. In measurg the tansmissionthe thikness of the xpelii-
mental samples &s identical (5 mm).igure 4 shavs the tansmission speetrin the UV ange. All expetimental samples of
baium fluoride ciystals possessed highearismission than the industrsample in the UVegion of the spect. In the UV
region, the cystals gown from BaF, powder pepared fom OSCH-7-5 BaCQpossessed higher opticahamspagng. In
addition, it can be conladed thathe cystals gown from BaF, powder obtained in ptanum cucibles hagdon the aerage,
higher optical tanspaeng in the UV iegion 200250 nm. In the irdred mange, all crystals vere identicaly transpaent up
to wavelength ~12um. A shap reduction of tansmission to 5-10%as obsered ony in the mange 11-14um.

The scintilldion characterstics were measwad for unpa&ed cistals and dr crystals paked in tefon ribbon and
placed inside a tkfn vessel of theeflector (Hg. 5). All measuements were perbrmed ly irradiging crystals with'3’cs
yrays. The spect coresponding to gistals of this sées and diferent types of pddngs did not difer much with respect to
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TABLE 3. Compaative Chaacteistics of 5x 5 x 4 mm Cystals,Grown from BaF, Powders, Synthesied from
BaCQ, of Different Puity, in Nickel andTantalum Cucibles

Crucible, AmplitudeE, Amplitude resolution o(E)/E with

material arh units o(E), arh units E, =662 leV, %
Plainum, pure gade 11.35+ 0.02 0.883+ 0.022 7.80
Platinum, ultrapure gade 11.50+ 0.02 1.036+ 0.018 9.01
Nickel, pure gade 11.88+ 0.02 0.900+ 0.017 7.58
Nickel, ultrapure gade 12.98+ 0.03 1.292+ 0.035 9.95
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Fig. 6. Amplitude distibution with iradiaion of ald 33.5x 44.7 mm
BaF, crystal @) and a standdr] 40 x 40 mm Nal(TI) cystal @) by
137Csy rays with enegy E, = 0.662 MeV

the position of the centeof the photopeaks (totadsoiption peaks) and thelaive enegy resolution.Table 3 gves the mea
sured daracterstics of bur ciystals paked in a tebn vessel-eflector Analysis shavs the bllowing:

— compaing the UV tansmission coétients of the samples (se@gF4) is not an adegteaciterion for selecting
scintillation ctystals;

— for ciystals gown from BaF, powders, prepared in plainum cucibles, from CH and OSCH-7-5rgde BaCQ, no
substantial dference is obseed in the intensity of scintiltaon bursts; the diference in engy resolution does nokeeed 13%;

— ciystals gown from BaF, powder pepared fom OSCH-7-5 BaCgQin a nidkel ciucible gve an @preciably high-
er scintillaion intensity but they also hae an almost 25% Iger line width.

It is also impotrant to note thiaeven though the light ansmission Y the thin Iger of vaseline oil is god up to the
dee ultraviolet rangg, using this oil br producing an optical contact beden cystals paked in tefon ribbon and the input
window of the photoraltiplier can be stingly problemaic, since the sting caillary effect can cause thaseline oil to be
drawn into the paking between the Igers of the telbn ribbon,changng the eflection coeficient in a lessdvorable direc
tion and destying the optical contact.

Expefence in gowing BaF, scintillation crystals in theifst thiee seles made it possié to gow large single cys-
tals in the burth seres.

Figure @ shawvs the engyy spectum of 137Csy rays (Ey = 0.662 MeV),which was obtained Y irradiging a
0 33.5x 44.7 mm Bak crystal pa&ed in a eflective tefon-ribbon containerTo obtain an optical contact betan the input
window of the photorultiplier and the grstal,vaseline oil vas used because a thigda of this oil has the besatmsmission
in the ldieion range of the Bak crystal up to its dgeultraviolet range. Shap separtion of the total-asoption peak demon
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Fig. 7. Ba&ground enggy distibution for a
0 33.5x44.7 mm Bak crystal.

strated the the quality of the ystal was good and made it possébto estimée the engy resolution aE = 0.662 MeV as
o(E)/E ~ 6.4%.The enegy resolution obtained under the same conditiengHe Nal(TI) standakcrystal waso(E)/E ~ 3.6%
(see kg. 6b). Compaing the enegy resolution corifmed tha BaF, crystals with a lage diameter ~30 mngrown by direct
ed cwstallization tednolagy, possess a high light output and longstals (15-20adidion lengths) can beogd elements
for producing electmagnetic caloimetess in high-enagy paticle physics.

Badkground meas@ments in the lzoratory room gave an enggy spectum recoded with Bak crystal without ira-
diation with ary radioactve souce The spectim sheved thee shagply segarated linespne of which could be compad with
the 4% line with y-ray enegy 1.486 MeV (kg. 7). This line is,as a ule, manifested with diferent intensity in lav-badk-
ground meas@ments in ayprooms. Heovever, preliminaly estimaes of the engres of the lines did not makit possike to
identify ary sud line as &% line. To undestand the agin of the soutes of the ionizingadidion, contol measuements
were perbrmed of the baaground of the setup and of theom using &1 40 x 40 mm Nal(Tl) eference cystal and a
0 33.5x 44.7 mm Bak crystal. In adiition, an dtempt vas made to detecadicion possity emanting from the Bak crys-
tal itself using the Nal(TI) standhcrystal. After the measwments and caful calibition of the endagy scale oft37cs, 8%Co,
and®Na were perbrmed it was detemined thathe Bak crystal contains soues of shdrrange radigion, which does not
travel beyond the boundées of the gystal and its tébn paking. Regpeded measwaments pedrmed &ery 4.5 months con
firmed the paviously obtained esults.The fnal measuements of the engy of these thee lines a¥ as bllows: 1.58-1.66,
2.12,and 2.2 MeVThe ®%Co lines (1.173 and 1.332 MeV)ere used aseferences to detarine the engyy of the linesThe
closest engjies to those of the lines obtained in tikpaiment were the enggies of the lines of 4°%Ra souce with the th-
ulated \alues 1.662.12,and 2.29 MeV [213]. Sut a adioactie souce with a 3-yr half-li¢ inside the gistal can be used
for perodic calibition duing opestion of a deice (detector)We note thathese measaments allequired caeful monitor
ing of the sthility of the spectometer scale an@ducing to a minimm the amplitude dft of the scintillaion counter in time

Condusions. The esults of the measements of the scintilteon characteistics of Bak crystals gown from the
initial materials obtained dfferent mamifactuers shaved tha they are suitdle for use in elecomagnetic caloimeters and
for measung the enagies of high- and lv-enepgy electons andy rays. The tetinolagy developed or obtaining ingpen
sive, pure polcrystalline Bak raw material makes possile mass pduction of lage ciystals (~2X,) with steble chamacter
istics for use in science and tewlagy.
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