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Abstract

Barnik M.I. et al. New Scintillating Media Based on Liquid Crystals for Particles Detectors:
IHEP Preprint 99-65. — Protvino, 1999. — p. 10, figs. 9, refs.: 12.

The study results of optical, photoluminiscent and scintillation properties of a liquid crystal
4-pentyl-4’-cyanobiphenyl are presented. The scintillation light output of this liquid crystal
is about 35% of crystal anthracene, main decay time constants are 4 ns and 14 ns and the
maximum of light emission spectrum is about 400 nm. The light output of a dissolution of green
emitting light scintillation dopant R6 in the liquid crystal is about 120% of crystal anthracene.
The light output of the frozen dissolution measured at -112°C is about 2.5 times higher as
observed at +20°C. In the uniaxially oriented liquid crystal, the predominant intensity direction
of emitted light is pointed perpendicular to the liquid crystal director and an appreciable part
of the emitted light is linearly polarized. A possibility to use scintillation properties of liquid
crystals is considered both for the improvement of existing particles detectors characteristics
and for the creation of new gated particles detectors.

AuHOTaIMsa

Bapuuk M. u nop. HoBble crimHTHIIUpYIOIINE CPEObI HA OCHOBE XKUOKWX KPUCTAJIIOB IIJIS
nerekTopoB gactuil: [Ipenpuat UPBO 99-65. — [Iporeuno, 1999. — 10 c., 9 puc., 6ubmuorp.: 12.

B pabote mpencraBieHbl pe3yibTAThI UCCICIOBAHUN OMTUYIECKUX, (HOTOTIOMIHECIIEHTHBIX 1
CIUHTWIIAIMOHHLIX XapaKTEPUCTUK JKUIKOTO KpucTasia 4-amui-4'-nnanoouderusn. DToT Ku-
KW KPUCTAJUI TOKa3a/l COMHTWIISINOHHBIA CBETOBBIXOH OKOJIO 35% OT aHTpameHa, BpeMeHa
BeicBeunBaHUS 4 m 14 HC 1 MakcuMmyM crekTpa smuccun okoso 400 um. CBeTOBBIXOI PaCTBO-
pa XKUIKOTO KPHUCTAJIa W 3€JeHON CIMHTUIUIAIMORHON nobasku R6 cocrasmsger okoso 120% ot
CBEeTOBBIXOMa aHTpameHa. (CBETOBLIXOH 3TOr0 3aMOPOXKEHHOro pacTsopa mpu -112°C oxasascs
B 2.5 pasa Boie ero sHadenuin mpu +20°C. OpueHTUPOBAHHBIA KUOKUN KPUCTAII 00IamaeT
3aMETHBIM YPOBHEM IOJIAPU3AINNANA W3JTyIaeMOro cBeTa. MakcuMmasibHas MHTEHCUBHOCTD U3IIyda-
€MOI0 CBETa B OPUEHTUPOBAHHOM XKUIKOM KPUCTAJIJIE HAIPABIIEHA, MEPIEHANKYIIPHO K IUPEK-
TOpy. PaccMoTpeHbl BO3ZMOXKHOCTH WCIOJIB30BAHUS XKUMKUX KPUCTAIIOB KAK MJIS YTy YIICHUS
XapaKTEPUCTHUK CYIIECTBYIOIINX, TAK U IJIs CO3MAHUS HOBBIX YIIPABIISIEMBIX IETEKTOPOB YACTHII.

(© State Research Center of Russia
Institute for High Energy Physics, 1999



1. Introduction

It is well known that a lot of liquid crystals (LCs) are derivatives of aromatic com-
pounds. This is a reason for the study of their scintillation properties. LCs exhibit an
anisotropy of their optical and luminescent properties which can be operated with the
help of electrical and magnetic fields [1,2]. Due to the fact that LCs hold an intermedi-
ate position between organic solid crystals and isotropic liquids, it is expected that the
efficiency of scintillators based on LCs can be higher than the best efficiency of ordinary
liquid scintillators (LSs) based on isotropic liquids, and it can attain the efficiency of scin-
tillators based on solid crystals (anthracene). These LCs scintillation properties can be
used both for the improvement of existing particles detectors characteristics and for the
creation of new gated particles detectors. This work is devoted to the study of scintillation
properties of a LC that has demonstrated appreciable photoluminiscent properties in our
preliminary investigations.

A temperature sensitive LC 4-pentyl-4’-cyanobiphenyl was chosen for our investiga-
tions. In the process of heating up from its solid crystal state, the LC phase transition
temperatures are:

solid crystal — 424°C — NLC — +435.1°C — isotropic liquid,

where NLC is the nematic texture of LC molecules. However, in the process of cooling
from the isotropic liquid state, the LC retains its nematic texture in a temperature interval
T = 435 — +15°C, i.e. in this case the nematic texture of LC remains in a supercooled
state in a temperature interval T = +24 — +15°C. The LC density is 1.0065 g/cm? at
T = 4+25°C.

2. Measurement of optical and photoluminiscent characteristics

At first we carried out preliminary studies of some important optical and photolu-
miniscent characteristics of this LC for the above application. Different optical cells
(OCs) filled with the LC were prepared for these measurements. Our OCs had the size



thicknesses in our OCs were chosen
‘ in an interval h = 30-200 um. The
0 schematic view of our experimental

] setup is illustrated in Fig.1. The con-
ductive transparent coatings based
Pl on SnO, with thickness < 0.1 pm
O 7 were evaporated onto the inner sur-
< » faces of some OCs quartz plates when
the electrical field was supplied to
)EE}EEEEEEEEEEEEEEEE::::::::::::::< these coatings to study its influence
- on the light output of these OCs. For
3 aligning LC molecules in our OCs,
the transparent thin films based on
polyimides < 0.1 pum thick were also

KE s of about 20x25 mm?. The LC layers

Fig. 1. Schematic view of our experimental setup:

1 — photomultiplier; 2 — quartz plates of ) )
optical cell; 3 — liquid crystal; <> — the di- obtained on the inner plates surfaces

rection of planarly orientated director of lig- (on SnO; coatings if they were used)

uid crystal molecules. [3]. In the absence of electrical field

these films uniaxially oriented the LC

director parallel to the X axis (Fig.1), i.e. they created the planar orientation of LC

molecules in our OCs. For such LC orientation the predominant light emission intensity

direction is expected to be pointed perpendicular to the OCs planes, i.e. parallel to the
axis Z (Fig.1).

The LC photoluminescence was registered with the help of a photomultiplier (PM) that
viewed the OCs from the same side they were excited by the UV light. While applying a
certain value of the voltage to our OCs, the LC director swings to a maximum angle of
about 90° in the XZ plane (Fig.1), i.e. there occurs the LC reorientation in our OCs from
the planar to gomeotropic texture where the LC director is perpendicular to the X axis.
It is expected that an appreciable change (decrease) of the light output intensity detected
by the PM should occur with the swing of LC director. This means that our OCs operate
in a light valve mode under the application of electrical fields.

The LC absorption and photoluminiscent spectra are presented in Fig.2. As is clear
from Fig.2 the maximum of light emission spectrum for the LC photoluminescence is
about A.;,= 400 nm. The quantum efficiency Y of the used PM is also presented in Fig.2.
The optical transmission 7T'r for some OCs with SnO, coatings is shown in Fig.3. The
loss of light in these OCs was determined mainly by its absorption in SnO, coatings. The
accuracy of Tr measurements was about + 1%.

At first the photoluminescence in OCs was excited by the isotropic (unpolarized) UV
light with a wavelength A= 337 nm in order to investigate the light emission direction-
ality from the oriented LCs. The fact that our OCs were excited by the isotropic light
will be denoted in the text by the top index ¢ for the photoluminescence intensities L.
When our OCs were excited by a planarly polarized light, i.e. when the LC director was
in the same plane with the linearly polarized light, we used the top index p for L. When



our OCs were excited by an orthogonally polarized light, i.e. when the plane of light
polarization was perpendicular to the LC director, we used the top index o for L. Similar
designations we used in the text for the bottom indexes of L in order to denote different
types of polarized (or isotropic) light registered by the PM.
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Fig. 2. Quantum efficiency of our photomul- Fig. 3. Transmission spectra of used op-
tiplier Y (A), liquid crystal absorp- tical cells with SnO, claddings.
tion (o) and photoluminescence spec- o — for h =30 ym, e — for
tra L (e) in chloroform (A.,= 320 nm) h=200 pm.

vs. the light wavelength A. The
curves were drawn to guide the eye.

Relative intensities and some polarization properties of the LC photoluminescence for
an OC with h = 30 pm in the absence of electrical field have been measured. For this
purpose we used film polarimeters placed directly before the PM or the OC. Note that our
film polarimeters had a high level of transparency only for wavelengths A > 390 nm. As
a consequence, the LC scattered light influence (with A.,,= 337 nm) on the experimental
results presented below was eliminated. Taking into account the planar symmetry of the
LC director position in the OC, the measurements of photoluminescence intensities as a
function of the viewing angle 6 between a normal to the OC (the axis Z in Fig.1) and the
direction of observation were carried out in an angle interval 0° < 6 < 90° in two mutually
perpendicular planes. The accuracy of intensity measurements was about + 5%.

The measurement results of the photoluminescence directionality of a planarly polar-
ized light L; (i.e. 0 is in the plane XZ Fig.1) are shown in Fig.4a and for an orthogonally
polarized light — L! (i.e. 6 is in the plane YZ) — in Fig.4b. As has been expected, the
intensity of the planarly polarized part of photoluminescence is noticeably higher than
that of the orthogonally polarized part of it. Therefore, the intensity of planarly polar-
ized part of photoluminescence for an angle # = 0° is chosen as L; = 1. So, the ratio
of intensities of differently polarized parts of the photoluminescence for an angle 8 = 0°
achieved a value of L¢/ L; ~ (0.40. As might be expected, their angular distributions are
close enough to each other.

Figs.4a-4b show that for that differently polarized parts of photoluminescence, the
light emission intensity is predominantly directed perpendicular to the LC director. This



will allow us to gate the level of PM detected light intensity with the help of electrical
field applied to OCs.

Measurements results of the directionality of photoluminescence excited by differently
polarized light are presented in Figs.ba-5b. The emission intensity excited by the planarly
polarized light L? is noticeably higher than the light intensity excited by the orthogonally
polarized light L. Therefore, the emission intensity excited by the planarly polarized
light is chosen as L = 1 for an angle § = 0°. So, for the OC excited by differently
polarized light, the ratio of their intensities is L¢/L? ~ 0.38 for # = 0°. As might be
expected, their angular distributions are close enough to each other.
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Fig. 4. Photoluminescence intensity L for Fig. 5. Photoluminescence intensity L for
30 um optical cell vs. the viewing an- 30 pum optical cell vs. the view-
gle 0. The cell was excited by isotropic ing angle 0. The cell was excited
light with A.,=337 nm. a) 6 is in by polarized light with A.,=337 nm:
the plane XZ, b) 6 is in the orthog- for planarly polarized light (e) and
onal plane YZ. PM detected different for orthogonally polarized light (o).
types of photoluminescence: for pla- a) 0 is in the plane XZ, b) 6 is in
narly polarized light (e) and for or- the orthogonal plane YZ. PM de-
thogonally polarized light (o). The tected the isotropic photolumines-
curves were drawn to guide the eye. cence. The curves were drawn to

guide the eye.

Fast changes of the directionality of photoluminescence intensity (note that the
overall photoluminescence intensity in 47 angle remained at the same level) were ob-
served with the application of electrical field to thin OCs. The measurements re-
sults of the excitation of OC with h = 30 um by both the isotropic and polarized
light having A.,= 337 nm and the application of electrical voltage are presented in



Fig.6. The threshold fall of photoluminescence intensity registered by the PM was
observed for U > 4 V and 6 = 0°. This fall was flattened out for U > 8 V.
So, in a voltage interval 4.0 V < U < % P A AL S I R
8.0 V the decrease of intensity was about ]
two times. Note that the intensity of pho- ]
toluminescence at the absence of electrical 0.9 a
voltage was taken as 1.
The reaction time for a LC optical (and
luminescent) characteristics with the appli- 0.7
cation of electrical voltage to a OC is de- ]

T

1.03

0.8

L,a.u.

T[T T T T [TTTT

termined by expression [1] " :
U e L B B
t = Cl'f]hQ/EUQ, (1) 0 2 4 6 8 10
U, Vv

and the typical relaxation time for return- Fig. 6. Dependence of photoluminescence in-
ing the above LC characteristics to their tensity L for thin optical cell with h
initial states after switching off the voltage =30 pm vs. the applied voltage. The

is determined by expression [1] curve was drawn to guide the eye.
tg = CQ'I]hQ/k} (2)

where ¢; and ¢y are some constants, 7 is the viscosity of LC, ¢ is the effective dielectric
constant and k is the elastic Frank constant of LC. So, a typical reaction time of our LC
is t;1 ~0.8 s with the application of U = 7 V to an OC with h =30 pym and a typical
relaxation time for our LC is about ¢t ~ 150 ms. Formula (1) shows that in order to get
LCs reaction time ¢; < 1 ms needed for high energy physics application, high voltage
pulses should be applied to thin OCs filled with specially chosen LCs.

3. Measurement of scintillation characteristics

3.1. Measurement of light output

In order to measure the LC scintillation light output I,, unoriented LC samples with
the thickness of about h = 300 pm (and also the samples of another scintillator) were
placed with an optical contact on the entrance window of PM FEU-84-3. This PM
had a multialcali photocathode with the quantum efficiency Y presented in Fig.2. The
samples were excited with the help of a low intensity (~ 10* Bk) radioactive source ! Am
with the energy of y-quanta of about 60 keV. Amplitude spectra both for our samples
and crystal anthracene (with A= 447 nm and h = 5 mm) were measured under the
low energy ~-quanta excitation (in air, at room temperature). The position of edges
of maximum amplitudes in these spectra approximately determined their relative light
outputs I,. The integration time of PM signals in these measurements was about 200 ns.
The quantum efficiency of PM and the LC luminescent spectrum were taken into account
at the determination of light output. The light output of anthracene was taken as 100%.
The accuracy of light output determination by this method did not exceed + 20%. Our



experience showed that this technique allowed us to determine the LC light output with an
acceptable accuracy only for the samples with h > 200 gm. Note that this technique may
give a lowered level of light output values for organic scintillations in this energy region of
~v-quanta. These lowered values might be caused by increased density of ionization along
tracks of electrons knocked out by these low energy ~-quanta.

Another method [4] was used for the determination of light output temperature de-
pendencies of samples scintillation I(T), because the above technique took a lot of time
for the accumulation of necessary statistics during which the samples temperature in our
setup significantly changed. According to the method there was no optical contact be-
tween the tested samples and PM entrance window because we did not manage to find
any grease, which could provide it at a low temperature down to T = -120°C. Scintillation
in the tested samples was excited with the help of 3-particles from radioactive source *°Sr
+ Y with an intensity of about 107 Bk. The PM photocurrent was measured. The
light output for these samples was normalized with the use of the above determined light
outputs I,.

Here the light output measurements were carried out in a temperature cycle in air. At
first the samples were heated up +20°C to +74°C, then they were cooled down +74°C to
-112°C, and again heated up -112°C to +20°C. The average rate of samples temperature
changing in these measurements was made as slow as possible and achieved dT/dt <
1°C/min. The accuracy of relative light output determination in these measurements /
was about +5%.

However, this method of temperature light output determination for all samples suffers
from an unavoidable, in such cases, drawback related to the fact that below the freezing
temperatures, thin white layers of frozen LC and LS appear near the plates surfaces,
probably, due to the appearance of multiple minicracks. Depending on their optical
density, these layers may influence the measured levels of light outputs. So, they may
enhance the level of frozen LC and LSs light outputs up to about 40%.

3.2. Measurement of decay times

The decay time constants 7 of LC samples were measured by the single photoelec-
tron delayed-coincidence counting technique [5] using PMs FEU-71 with quartz entrance
windows. The scintillation in our LC and LSs was excited with the help of §-particles
from a radioactive source °Sr + °Y. The time resolution of this experimental setup was
about 0.5 ns. The measurement accuracy of decay times constants 7 and their relative
intensities A; did not exceed & 6%. The experimental setup did not allow us to measure
decay time constants with 7 > 1000 ns.

4. Measurement results

A typical scintillation decay curve for the pure LC at T = 420°C in air is presented
in Fig.7 where N is counts per channel. The main decay times for this LC are 71 = 4 ns,
where A; ~53% from the total light output is emitted, and 75=14 ns, where the rest
Ay ~47% is emitted. Note that unlike solvents in common LSs with 7 = 30-60 ns [6], our
pure LC shows components with short decay times.



The measurement results of amplitude 11111 [ WS B NS FET T FT
spectra for the pure LC and crystal an- ] I
thracene under the low energy vy-quanta 1 7 >
excitation are presented in Fig.8a. The to-
tal absorption peak in the LC is less ob-
vious under the low energy vy-quanta exci-
tation, resulting from a smaller LC thick-
ness in comparison with the used crystal
anthracene. An approximate position of 1=~
the total absorption peak in the pure LC is 1
also shown in Fig.8a. Taking into account 0 10 20 30 40 50 60 70
the PM quantum efficiency, the LC scintil- t, ns
lation light output is I, ~ 35% under such Fig. 7. A typical scintillation decay curve for
low energy y-quanta excitation. pure liquid crystal.

Temperature dependencies of light outputs of the scintillation materials are important
characteristic for numerous applications of LSs (especially in electromagnetic calorimeters,
etc.). The measurement results of scintillation light output vs. the temperature for pure
LC are presented in Fig.9a. It is clear from Fig.9a that after the temperature cycle of
changes and returning it to T =+20°C, the LC light output I ~ 29% was in a good
agreement with its value at T =+20°C on the cooling curve and did not agree with the
initial value I, ~ 35%. However, at room temperature it took about 30 min for the LC
light output to return to the initial value I,.

It is obvious that there is a possibility to incorporate scintillation dopants into it and
other LCs with the aim of further improvements of their scintillation characteristics. For
this purpose a scintillation dopant R6! [7] (a pyrazoline derivative with Ae,,= 490 nm and 7
= 6.8 ns) was dissolved in the LC with a concentration of about 4 g/1. The measurement
results of amplitude spectra for this dissolution and crystal anthracene under the low
energy y-quanta excitation are presented in Fig.8b. Taking into account the PM quantum
efficiency to the R6 emission spectrum (a factor of ~ 1.28) [4], the light output of this
dissolution is I, ~ 120%. This experimental result confirms our above assumption of high
efficiency of scintillators based on LCs (i.e. for those with the nematic texture).

The measurement results of scintillation light output vs. the temperature for the
dissolution are presented in Fig.9b. It is clear from Figs.9a-9b, that their scintillation
light outputs and temperature behaviours are alike. Sharp changes of the dissolution
light output occur near the temperature of the LC texture transition from the nematic
to isotropic liquid and vice versa at T~+35°C. High scintillation efficiency of the frozen
dissolution draws our attention. So, the light output of the frozen dissolution is I ~305%
at T = -112°C. The nature of such enhanced level of the frozen dissolution light output
is unknown to us yet. It is clear from Fig.9b that after the temperature cycle of changes
and returning it to T = +20°C, the dissolution light output I ~ 112% was in a good
agreement with its value at T = +20°C on the cooling curve and did not agree with the
initial value I, ~ 120%. However, at room temperature it took about 30 min for the
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dissolution light output to return to its initial value I,. Note that optical and luminescent
properties of dissolutions of LCs with scintillation dopants need a separate detailed study.
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with R6 scintillation dopant (o) and experimental data for heating up
crystal anthracene (o). Samples were (dashed lines) and cooling down (solid
excited by y-quanta from ?**Am. Ar- line) processes agreed within measure-
rows show the location of total ab- ments accuracy, only the data for
sorption peaks for 60 keV y-quanta. cooling down process are presented.

The temperature dependence of light output for a well known LS based on monoiso-
propylbiphenyl BC-599-13G [8] with A.,,= 500 nm and I, ~ 47% is presented in Fig.9c
for comparison. High scintillation efficiency of the frozen LS attracts our attention. So,
the light output of frozen LS is I ~ 172% at T = -112°C and a tendency to its further
increase has been observed with the temperature decrease. The nature of this effect is also
unknown to us yet. Note that there are no considerable changes of the LC light output
near the point of its phase transitions. Unlike the LS (Fig.9c and other experimental data
on LSs presented in [4]) an additional loop of hysteresis of the LC light output is observed
in its liquid states (Figs.9a-9b).

We explain such sharp changes of the LS light output (Fig.9c and other data also
presented in [4]) at low temperatures by a process of the temperature polymorphism of



solid crystal structures for relatively simple organic compounds. So, the temperature
transitions to some solid crystal structures are sometimes accompanied with the appear-
ance of enhanced levels of the light output. These loops of hysteresis of light outputs can
be related with the possibility of existence of some low temperature structures in solid
crystals at higher temperatures.

With the application of voltage U > 20 V to a relatively thick OC with h = 100 pm,
there was observed a change of the scintillation intensity I only of ~ 9.5%. Additional
measurements showed that with the application of the same voltage to the OC with h =
100 pm, there was observed a change of the photoluminescence intensity L (both for the
isotropic and polarized light with A.,= 337 nm) of ~ 11%. Note that these changes are
comparable with each other. This points out that the LC optical valve mode of operation
of the scintillation intensity can be carried out only for OCs with the thickness h < 30 pm.

Note that similar with the case of photoluminescence, the LC scintillation emission also
showed a noticeable level of polarization. So, the ratio of the orthogonally polarized part
of scintillation light to its planarly polarized part is I,/I, ~ 0.51. However, the accuracy
of these measurements was not better than 4+ 15%. Note that within the measurement
accuracy, the ratio I,/I, is close enough to the above determined ratio L} /L}.

5. Conclusion

The results of basic scintillation properties measurements for the liquid crystal 4-
pentyl-4’-cyanobiphenyl are presented in here. So, this liquid crystal scintillation light
output is about 35% of anthracene crystal and the light output of its dissolution with the
green emitting light scintillation dopant R6 is about 120%, which is noticeably higher than
the light output of commonly used liquid scintillators [8]. These levels of light outputs
for the pure liquid crystal and its dissolution confirm our supposition of high efficiency
for these new scintillation media.

Due to an acceptable level of transparency in the uniaxially oriented liquid crystal, a
high level of the scintillation light output and its rather short decay times 4 and 14 ns,
both pure liquid crystal and the dissolution show very promising possibilities of their
applications in particles detectors. The above described design of the optical cells can
be taken as a possible basis for the construction of particles detectors based on liquid
crystals.

A search for other effective scintillation liquid crystals for particles detectors applica-
tions is desirable. However, such search for effective scintillation dopants for new media
will require a long time. A more detailed research, which is beyond the aim of this paper,
will be carried out in the near future.

The directionality of scintillation light emission in uniaxially oriented liquid crystals
can also be exploited in particles detectors. So, we are going to use gomeotropically
oriented liquid crystals with high refraction indexes in the tracking particles detectors
based on capillary bundles [9] to increase the light output of capillaries.

The predominant intensity of both photoluminescence and scintillation emission in
uniaxially oriented liquid crystal are directed perpendicular to the director and the emitted



light displays an appreciable level of linear polarization. It has been demonstrated that
the intensity of emitted light from thin optical cells (< 30 pm) can be effectively operated
with the help of electrical field. This property can be used (as an alternative approach to
that presented in [10,11]) in various devices, for example, in colour liquid crystal displays
to increase their brightness. This can also be used for the creation of new gated particles
detectors. However, the efficiency of scintillation light valve mode of operation in thin
optical cells (< 20-30 pum) based on liquid crystals needs a more accurate measurement.

The rise of light output for the frozen liquid crystal and its dissolution (as well as for
some other frozen liquid scintillators presented in [4]) was observed with the decrease of
temperature. Therefore, for T < -100°C the light output of frozen dissolution exceeded
the light output of crystal anthracene both for T = +20°C and T = -70°C [12]. Note
that for a wide class of organic compounds their temperature behaviour of light output
at lower temperatures (i.e. for T < -112°C) and their ultimate values of light outputs
(when the temperature approaches to T = -273°C) need a more detailed study.
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