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As a result of research in regularities of influence of material’s physical properties and the
dispersion system on the polishing performance and roughness of polished surfaces of polysty-
rene-based plastic scintillators, it was found that the formation of slurry particles of the treated
material is a consequence of the Forster resonant energy transfer that occurs in an open resona-
tor formed by two parallel surfaces of the treated material and lapping pad, between the energy
levels of polishing powder particles and treated material in the four-mode regime. It is shown
that the material removal rate is determined by the total coefficient of volumetric wear, the total
lifetime of treated surface clusters in an excited state and the resulting resonator quality factor
at all possible frequencies. Roughness of polished surface depends on the spectral resolution and
the resonator quality factor and is characterised by a superposition of the parameters Ra, Rq and
Rmax, which are specific to each mode. It is shown that polishing of polystyrene-based plastic
scintillators using a dispersion system of micro- and nanoparticles allows to reach the values of
material removal rate and the roughness of polished surfaces, which satisfy the requirements for
the polishing process of optical surfaces.

Keywords: polishing, Forster resonance energy transfer (FRET), material removal rate
(MRR), roughness.

IlonipyBauusa cuuHTWIATOPiE 3 moaictuposuy [F0.J[. @inamos, A.JO. Bospunues,
B.1.Cidopro, C.B. Kosanwvos, O.B. Konecrikos

B pesyubraTi qocitipxeHHSA 3aKOHOMIPHOCTEH BILTUBY (DISUYHHUX BJIACTUBOCTEH 06p00IIIOBAHOTO
Marepially Ta JUCIIEPCHOI CUCTEMH HA ITPOAYKTHBHICTH IIOJIIPYBAHHS 1 ITOPCTKICTH ITOJIIPOBAHUX
IOBEPXOHb CITUHTHJISITOPIB 3 ITOJICTHPOJY BCTAHOBJIEHO, IO YTBOPEHHSI YACTHHOK IILJIAMY
00pO0JIIDBAHOIO MaTepially € HaCaLIKOM (PepcTepiBChKOr0 PEe30HAHCHOTO IIePeHEeCeHHs eHeprii,
sAKe BIIOyBAaeThbCAd y BIOKPHTOMY PE30HATOPI, YTBOPEHOMY ABOMA IIAPAJIEIbHUMU IIOBEPXHIMU
00pO0IIDBAHOIO MaTepialy 1 HPUTHPA, MIsK €HePreTUYHUMY PIBHAMUI YaCTUHOK IIOJIIPYBAJIBHOIO
IOPOIKY 1 00POOJIFOBAHOIO MaTepialy B YOTHPHOXMOIOBOMY peskumi. [lokaszamo, 1o mBUIKICTE
3HATTA 00pPOOJIIOBAHOIO MaTeplasly BH3HAYAETHCA CyMapHUM KoedilieHToM 00’ €MHOro 3HOCY,
CyMapHUM YaCOM JKUTTS KJIACTEPIB 00pOOJIIOBAHOI IOBEPXHI Y 30y KEeHOMY CTaH1 1 Pe3yJIbTYIY00
JIOOPOTHICTIO pe3oHaTopa Ha BCIX MOMKJIMBUX uacroraxX. [lokasamHo, IIo mij 4Yac MOoJIipyBaHHS
CIIMHTUJIATOPIB 3 MOJIICTUPOJIY 3a JOIIOMOTOK IHMCIIEPCHOI CHUCTEMHU 3 MIKPO- 1 HAHOYACTHHOK
JTOCATAIOTHCS MIBUAKICTE 3HATTS 00pO0OJIIOBAHOTO MaTEPiaTy 1 MIOPCTKICTH MOJIIPOBAHUX IIOBEPXOHb,
SIK1 3JIOBOJIBHSIIOTH BUMOTAM, 110 BUCYBAKOTHCS JI0 IPOIECY IIOJTIPYBAHHS ONTHYHUX ITIOBEPXOHE.

been carried out using polishing dispersion

1. Introduction systems of non-abrasive micro- and nanopow-

Traditionally, the polishing of precision sur- ~ ders. The material removal rate depends on
faces of optoelectronic components and optical the rheological properties of the dispersion sys-
Systems made of non-metallic materials has tem, the structure of the treated material and
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its dielectric and spectroscopic properties [1-3].
An increase in polishing performance is only
possible by improving and developing of new
polishing dispersion systems, which would en-
sure sufficient speed of material removal and
formation of the required nanoprofile of the
polished surface in the absence of any defects
on it. Therefore, the study of the regularities of
plastic scintillators polishing using micro- and
nanopowder dispersion systems is so actual.

The aim of this study is to investigate the
regularities of influence of physical properties
of treated materials and the dispersion system
on the polishing performance and the rough-
ness of polished surfaces of polystyrene scintil-
lators.

2. Methodology

According to the cluster model of polishing
of non-metallic materials [1] and the Dery-
aguin—Landau—Verwey—Overbeek theory [4,
5], the interaction between the workpiece sur-
faces and the polishing powder particles during
polishing is determined by the Van der Waals
intermolecular interaction forces, which result
from the emergence of local dipole moments at
characteristic frequencies. The energy transfer
between particles of the dispersed phase and
the treated surface is based on Forster reso-
nance energy transfer (FRET) mechanism, and
the energy transfer from excited donor to an
acceptor occurs without intermediate photon
emission [6-11]. Resonance energy transfer in
a dispersion system located in an open resona-
tor formed by two parallel surfaces of the work-
piece and the lap, in contrast to conventional
FRET [12, 13] and the “carnival effect”, which
means the reverse energy transfer when donor
and acceptor are reversed [14—16], occurs when
molecular fragments of the particles of the dis-
persed phase and the workpiece are both do-
nors and acceptors at the same time [17]. In
this case, the FRET efficiency depends on the
spectral resolution 6v = v,—v, and the resonator
quality factor ¢ =v /(v,~v,) (v,, v, are the natural
vibrational frequencies of molecular fragments
on the treated surface and the surface of the
polishing powder particle, respectively), and
the material removal rate (polishing productiv-
ity) is determined in accordance with the for-
mula [17-19].

Q=nL 4 (1)
where 7 is the volumetric wear coefficient; L,
is the friction path length of polishing powder
particle on the workpiece; ¢ _is the contact time
of the polishing powder partlcle with the sur-

face to be treated; u is the relative velocity be-
tween the Workpiece and lapping tool, 7 is the
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lifetime of the workpiece clusters in an excited
state.

The lifetime of treated surface clusters in
an excited state is inversely proportional to the
probability of dipole transitions at a frequency
of v, and is determined by the formula [17].

3N
T= @)
8rea’v,

where N is the number of possible transitions,
2
a=2% = L the fine-structure constant; ;
he 137
A =1,054-103* J-s — the Planck’s constant; e —
the electron charge; ¢ — the speed of light.
According to the theory of molecular vibra-
tions, the number of possible transitions between
the quantum energy levels of the treated surface
clusters and the polishing powder particle de-
pends on the number of levels and their degen-
eracy. The number of possible transitions is de-
termined according to the formula N, =k N,

m Om’
(where N, is the number of energy levels;

S [LETES VI

w1 nl(g —1)!
level degeneracy; f = 2 and g = 2 are the num-
ber of freedom degrees of oscillatory motion of
treated surface clusters and the number of nor-
mal oscillations, respectively).

The volumetric wear coefficient depends on

the size d,(i) of slurry particles and is deter-
d, (i)’
4B(i)t,
the values of f(i) are solutions of the system of
transcendental equations [1, 20].

exp(~pOY) _ 1 oo
Jrerf(Bi)) N@S VT ®

where N(i) is the concentration of the ith slurry

particle on treated surface; S, is the surface

area of the ith slurry particle; d 1s the average

size of polishing powder partlcle S, is the con-

tact area of the workpiece with the lapping tool
ATL

13
pusS,
eter; A 1s the thermal conductivity of the mate-
rial being treated; T is the temperature in the
contact zone between the workpiece and the
lapping tool; p_ is the pressure of the workpiece
against the lapping tool.

The number of the i-th slurry particles on
treated surface N(i), which depends on the po-
tential Wof the interaction of the polishing pow-
der particle with the treated surface, as well as
on the function of the distribution of slurry par-

—1s the multiplicity of

, Where

mined by the formula n = Z

surface; 9 = ; 1s a dimensionless param-
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Fig. 1. Infrared absorption spectrum of the polishing powder

ticles on the surface area P(i), is determined in
accordance with the formula [1, 4, 5, 21].

NQG) = 2w
nhS

(4

P(i). (4)

The polishing of flat surfaces of polystyrene
scintillators with a 60 mm diameter was car-
ried out on the 2ShP-200M machine using a
100 mm diameter polyurethane foam lapping
pad at a pressure of pressing the workpiece
against the lapping pad of 17.7 kPa, a lapping
pad rotation speed of 90 rpm, a stroke offset of
30 mm, a stroke length of 80 mm and an aver-
age temperature in the contact zone between
the workpiece and the lapping pad of 298 K.
For the polishing of polystyrene scintillators
(density 1.06 g/cm?, thermal conductivity 0.12
W/(m'K)), a dispersion system of micro- and
nanopowders was used,which was character-
ised by the frequencies of natural vibrations of
molecular fragments of the polishing powder
particles determined by IR absorption spectra
(Nicolet 6700 Fourier spectrometer): 550, 597,
604, 638, 670, 733, 777, 850, 873, 943, 984, 996,
1084, 1119 (cm™) (Figure 1). The typical fre-
quencies for polystyrene are 537, 694, 753, 905,
1027 (em™) [22—-25]. The size of polishing pow-
der particles was determined from the images
(Fig. 2) obtained using a Zeiss-EVO 50 Scan-
ning Electron Microscope with an AZtec Mi-
croanalysis System. The images show that the
maximum length of polishing powder particles
is Im = 5.1 pm and their thickness varies from
262.0 nm to 555. 9 nm with an average polish-
ing powder particle size of d, = 409 nm. The
value of ellipticity is estimated by the value of
the angle of curvature of the generating line
o, = 2(m — 2arctg(d,/l ) and is between 333,4°
no 341,6°, indicating the needle-like shape
of particles. The removal of treated material
was determined by the weight method using
an AVD-200 analytical balance in mg/30 min.
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Roughness parameters of polished surfaces
were determined by computer modelling and
monitored using a Micron-alpha non-contact
interference 3D profilograph. The length of the
friction path of the polishing powder particle on
the treated surface was L, = 188 mm, and the
speed of relative velocity of the workpiece and
lapping tool, averaged over the kinematic pa-
rameters of polishing (offset and stroke length),
was u = 0.47 m/s. The contact time of the pol-
ishing powder particle with the treated surface
was t =d,/u=0.88 ps.

3. Experiment

Given the functional characteristics of the
detector, polishing is a way of obtaining certain
reflective properties from the detector surface.
The condition of the surface has a major influ-
ence on light collection processes. Light reflec-
tion conditions, in particular diffuse or specu-
lar reflection, have a complex effect on the de-
tector’s technical parameters. In this work, we
have carried out an experimental comparison of
the above-mentioned polishing technology us-
ing a dispersion system of micro- and nanopar-
ticles (Type 1) with the traditional polishing
technology (Type 2), which involves the use of
cerium-based micro-abrasive powders.

For comparison, detectors of different
shapes and sizes were polished: small scintil-
lators of 10x10x10 mm [34], large detectors of
50x250x1000 mm, & 50 x 1000 mm [35] and
organic light guides [36].

All detector types were excited by 2! Am and
187 Cs sources.

4. Results and discussion

Polystyrene polishing by lapping method,
when the system “workpiece surface-dispersion
system-lapping surface” is located in an open
resonator formed by the contacting surfaces of

Functional materials, 30, 3, 2023
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Fig. 2. Size of polishing powder particle

the workpiece and the lapping surface, in the
absence of photon generation, as in the case of
FRET lasers [26-31], generates slurry nanopar-
ticles of the treated material, wear nanoparti-
cles of polishing powder and wear nanoparticles
of lapping material [19], the power of which de-
termines the rate of material removal, the in-
tensity of polishing powder wear and lapping
material wear. The removal of treated material
is a result of quantum transitions between en-
ergy levels of polishing powder particles and
treated material according to the scheme shown
in Fig. 3. Slurry particles are formed as a re-
sult of FRET from polishing powder particles to
treated surface, which occurs in the four-mode
regime under transitions between energy lev-
els, which are characterised by frequencies: v,,,
=1084sm"' —v, A =1027sm’, v, =943 sm™' —
v, =905 sm™, v, =777 sm™? — v =753 sm™ i
V. =733 sm™' — v, =694 sm™.

The FRET efficiency at each of the transi-
tions, which depends on the spectral resolution
ov,, the resonator quality factor g, and the life-
time 7, of treated surface clusters in an excited
state, determines the size and number of slurry
nanoparticles, and hence the material removal
rate and roughness of the polished surfaces

Functional materials, 30, 3, 2023
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Fig. 3. Diagram of quantum transitions between
energy levels of polishing powder particles and
treated material

[17-19]. The calculated values of parameters
of interaction between the treated surface and
the dispersion system as well as the calculated
values of slurry nanoparticles characteristics
and the polystyrene polishing parameters are
shown in the table.

The lifetime of treated surface clusters in
an excited state for each mode was determined
according to formula (2), taking into account
the number of energy levels and the multiplic-
ity of their degeneracy. The total lifetime was

T= ZT,- = 524 ns. The resulting resonator Q-

factor for a multimode system with a discrete
spectrum of natural frequency was determined

2.0

ishing in an open resonator, the energy and
size of the slurry nanoparticles, as well as their
concentration, depend on the spectral separa-
tion, the resonator Q-factor and determine
the volumetric wear coefficients correspond-
ing to different quantum transitions between
the polishing powder particle and the treated
surface, which are calculated according to Egs.
(3) and (4). The total volumetric wear coeffi-
cient, which determines the material removal

rate, was 1 = Zni = 6,910 m?%s. The value

as ¢ =

= 5.39. During polystyrene pol-

of the material removal rate during polishing
of polystyrene scintillators calculated accord-
ing to formula (1), which is Q = 41.6 1073 m%/s,
agrees well with the data of the experimental
determination of the polishing performance
(7.8+0.3) mg/30 min (5.2 pm/hour, or 40.9-10713
m?/s) with a deviation of 2%. This indicates the
validity of considering the process of formation
and removal of slurry nanoparticles from the
treated surface as a consequence of FRET in
the multimode regime.
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Table 1: Polishing parameters of polystyrene-based plastic scintillators.

Transitions FRET
Parameter
V?]] —>V14 V‘)Q_)VVK V?F‘x_>v19 V95_>V11
Mode ¢ 1 2 3 4
Spectral resolution v, sm™ 57 38 24 39
Resonator quality factor g, 18,0 23,8 31,4 17,8
Llfetu_ne of tregted surface clusters 113 141 158 112
in an excited state t, ns
Particle surface area S, nm? 80 123 175 80
Size of slurry particle d, (i), nm 4,5 5,6 6,6 4,5
Interaction potential of polishing
powder particle with the treated 0,114 0,076 0,048 0,078
surface W, zJ
Particle ioorifei;llgz?ltlon NQ@), 1.8 1.2 0.8 1.2
Volumetric wear coefficient n,, )
1072 m?/s L1 18 2,7 1,3
Material Removal Rate
Q, 10 m’/s 41,6
Experiment: mg/min.(um/h.) 0,26 (5,2)
10—13 m3/s 40,9 )
Calculation error, % 2
Roughness parameters of polished surface, nm
Rai 9,1+0,2 11,2+0,1 12,8+0,5 8,8+0,3
qu 9,6+0,3 12,4+0,3 13,6+0,7 9,6+0,4
Rmax, 15,5+2,4 21,0+1,5 22,7+2,9 16,8+1,6
Ra =10,1+0,2 nm; Rq = 10,9+0,4 nm; Rmax = 18,2+2,1 nm
The roughness parameters of polished
surface (arithmetic mean Ra and root mean nhm and  Rmax = Z N(i)Rmax,

square Rq profile deviation, maximum height
of profile Rmax), which are determined by com-
puter modelling [3, 32] and depend on the size
and concentration of slurry nanoparticles, as
well as on the surface area distribution func-
tion P(i), increase proportionally with increase
in spectral separation between the treated ma-
terial and the polishing powder particle and
with improvement in resonator quality fac-
tor formed by the surfaces of the treated ma-
terial and lapping pad [33]. In this regard, it
can be assumed that slurry nanoparticles of
size d (i) are formed from the polishing pow-
der particles to the treated surface as a result
of the FRET, which occurs during the transi-
tions between the energy levels and that are
characteristic of each of the modes. The rough-
ness of treated surface is characterised by the
parameters Ra, Rq, and Rmax, The resulting
roughness of the polished surface is described

ZN(I) ZN(l)Ra

ZN( )ZN(z)qu = 10,9

by the parameters Ra =

= 10,1 nm, Rq=

428

Z (0)5

= 18,2 nm. The errors of their determination
OR =

ZN(I)ZN(L)(SR are 0.2 nm, 0.4 nm

and 2.1 nm, respectively. Thus, the polished
surfaces of polystyrene scintillators, whose
roughness is characterised by the parame-
ters Ra = 10.1+0.2 nm, Rqg = 10.9+0.4 nm and
Rmax = 18.242.1 nm, meet the requirements
for optical surfaces.

The most significant effect of the polishing
process can be seen in the long-size detectors.
Thus, the increase in light output for low en-
ergy radiation (241Am) on detectors with pol-
ishing type 1 (Type 1) compared to polishing
type 2 (Type 2) is 14%. For 662keV the increase
in light output is 31% (Fig. 4, Table 2). For
10*10*10 mmcb detectors, the increase in light
output does not exceed 5%. In our opinion, the
greater influence of polishing on long-size de-
tectors is explained by the peculiarities of light
collection, namely, a large number of reflections
from surfaces.

Functional materials, 30, 3, 2023
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Fig. 4. Amplitude spectra of the 50x250x1000 mm cubes detector using polishing type 1 and polishing

type 2 under excitation by 2!Am (a) and *’Cs (b).

Table 2: Ratio of light output of different geometry detectors polished with a dispersion system of

micro- and nanoparticles and a detector polished with traditional technology C

ent radiation sources

/C for differ-

Typel Type2

Detector Light output ratio C, _/C,  for sources
241Am 137Cs
50mm x 250mm x 1000mm 1.14 1.31
@ 50mm x 1000mm 1.17 1.29
10mm x 10mm x 10mm 1.03 1.05

4. Conclusions.

As a result of investigation of the mecha-
nism of precision surfaces polishing of polysty-
rene-based plastic scintillators by means of dis-
persion systems of micro- and nanoparticles of
polishing powders it has been established that
the formation of slurry particles of the treated
material is a consequence of FRET, which oc-
curs in an open resonator formed by two paral-
lel surfaces of the treated material and the lap-
ping pad, between the energy levels of polish-
ing powder particles and the treated material
in the four-mode regime.

It is shown that the material removal rate is
determined by the total coefficient of volumet-
ric wear, the total lifetime of treated surface
clusters in an excited state and the resulting
resonator quality factor of the system “ work-
piece surface—dispersion system-lapping sur-
face” at all possible frequencies of the discrete
spectrum.

It is established that roughness of polished
surface depends on the spectral separation be-
tween the material to be treated and the pol-
ishing powder particle, as well as on the reso-
nator quality factor at all allowed frequencies.
Roughness is characterized by the parameters
Ra, Rq, and Rmax, which are a superposition

Functional materials, 30, 3, 2023

of these characteristics for each of the possible
modes.

It has been shown that polishingof polysty-
rene-based plastic scintillators using a disper-
sion system of micro- and nanoparticles achieves
the material removal rate and the roughness of
polished surfaces that meet the requirements
for the polishing process of optical surfaces.

It has been determined that the use of pol-
ishing technology for polishing polystyrene
scintillators using a dispersion system of micro-
and nanoparticles increases the light output
of long-size detectors. At the same time, both
technologies demonstrate comparable results
for small detectors.
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