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Computer modeling revealed the growth kinetics of Ag clots on the surface of AgBr microcrystals of
photoemulsion under the action of femtosecond radiation of pulsed lasers of the Flint series (wavelength
A=1035 nm, pulse repetition rate f=76 MHz) and FemtoLux 3 series (1=1030 nm, power P=3W, pulse
duration 7= 300 fs). It has been established that the growth time of Ag clots up to a volume V= 5.23 m3, at which
its spontaneous crystallization at 7'= 300 K is possible is 1) ~ 10-1 s for the FemtoLux 3 series lasers (f=1 MHz,
2 MHz, 3 MHz); 2) ~ 10-2s for Flint 1.0 (P=1W, 7=80fs), Flint 2.0 (P=2W, 7=100fs), Flint 4.0 (P=4W,
7=1001s), Flint 6.0 P=6W, 7=1001fs), Flint 10 (P=10W, 7=120fs) lasers and for of the FemtoLux3
(f=4 MHz, 5 MHz) lasers. This agrees with the fact that no developable Ag particles form at exposure times < s

on the surface of AgBr microcrystals.

Keywords: Femtosecond laser irradiation, AgBr microcrystal, Influence of laser radiation, Growth
kinetics, Clot of silver, Low-sensitive photolayer, Crystallization.
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1. INTRODUCTION

Femtosecond laser radiation (FLR) is widely used in
manufacturing, such as automation technology,
information technology, telecommunications
technology, biotechnology, pharmaceutical, aerospace,
environmental industry [1,2]. Femtosecond lasers (FL)
are also used to study ultrafast processes and develop
such advanced technologies as time resolved pump-
probe shadowgraphy, ultrafast continuous optical
imaging, 4-dimensional ultrafast scanning electron
microscopy [3]. FLR is used to create new functional
materials with controlled optical and electronic
characteristics by engineering the semiconductor
structure [4].

FLR induces structural changes and electronic
excitation of semiconductors [5]. The mechanism of
action of FLR, including phase transition and
extraction of the material on which this radiation acts,
is largely determined by the interaction between laser
radiation and electrons [6]. The peculiarity of the FLR
action on semiconductor is as follows: FL pulses cause
two-/multiphoton excitation on a time scale much faster
than the thermal energy exchange between
photoexcited electrons and lattice ions [7]. During the
FLR action, photons are mainly absorbed by electrons,
with subsequent energy transfer from electrons to ions
on the order of picoseconds [6]. Therefore, the lattice
motion is insignificant during the femtosecond pulse,
while the electron-photon interaction dominates
throughout the FLR action time [6].

Since the duration of one pulse of a femtosecond
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laser is within the time frame for chemical reactions
(from 10 fs to 100 fs, 1 fs = 1015 ) [8], which includes
the reaction of photolysis of an AgBr crystal under the
action of light from the absorption region of AgBr.

Silver bromide (AgBr) crystal is a wide-gap ionic
semiconductor [9] with a zinc blende structure (face-
centered cubic unit cell) with a wide range of
technological applications: energy conversion [10],
environmental remediation [11], radiation detection [12].
In addition, AgBr crystals have photocatalytic [13], rapid
antibacterial and wound repair [14] and anticancer [15]
effects.

Silver-based nanocomposites play a key role in
material science [16]. The process of formation and
properties of Ag clusters on the surface of AgBr crystals
under the action of light are also studied [17, 18].

The study of the kinetics of the growth of Ag
clusters on the surface of AgBr emulsion microcrystals
(MCs) under the action of femtosecond laser pulses can
provide more information about ultrafast photoinduced
processes in wide-gap semiconductors, about the
features of the photographic process on low-sensitivity
photolayers. The kinetics of the growth of Ag clusters
on the surface of AgBr MCs under the action of laser
radiation of continuous-wave and pulsed-wave mode
with a duration of radiation pulses greater than a
femtosecond for different wavelengths, powers and
pulse repetition rates was studied using computer
models [19, 20]. These models describe the kinetics of
the growth of Ag clusters up to a size of 1 nm, at which
these Ag clusters can spontaneously transition to a
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crystalline state at room temperature [21]. A computer
model [22] was created using a two-temperature model
[1], molecular dynamics and density functional
methods. This model [22] describes the initial stages of
the formation of Ag clusters over a time of 10 -1 s in an
AgBr crystal consisting of 32 Ag atoms and 32 Br atoms
under the action of FLR.

The authors are not aware of any publications
describing the kinetics of the growth of Ag silver
clusters up to a size of 1 nm on the surface of AgBr
MCs under the action of femtosecond pulsed laser
radiation. Therefore, this study is a relevant task.

2. MODELS AND CALCULATION METHODS

Traditionally, the photographic process includes
several stages:

1) photogeneration of electron-hole pairs in silver
halide crystals;

2) reduction of silver cations to atoms by some part
of these electrons;

3) subsequent growth of atoms to obtain clusters
(latent image);

4) complete reduction by the developer of
crystallites that have more than a critical number of
atoms per cluster [23, 24].

Stages 1-3 of the photographic process are described
by the system of differential equations (SDE) (8) from
[20]. Therefore, to study the kinetics of growth of
amorphous Ag clots to sizes at which spontaneous
crystallization of these clots is possible at 7'= 300 K, on
the surface of AgBr MCs under the action of FLR, this
SDE was used.

Let us consider this SDE in more detail. We will
consider each silver particle as a sphere of radius R,
which grows due to the fluxes of ions and polarized
atoms. Under the action of FLR, many growing particles
appear in the surface layer of the AgBr microcrystal
(MC). Let 2Rm be the average distance between the two
centers. The attraction of Ag ions and atoms to the
growing clot is generated by a flux, the density of which
is initially equal to J; =n; - D; - Fi - (kp * T)™Y, Ja =g Dy *
F, - (kp - T)™1, where ni, ns are the number of stray ions
and Ag atoms per unit volume of the microcrystal at
T=300K, D;, D, are the diffusion coefficients in the MC
of Ag ions and atoms (D;= Da =D), F; is the force acting
on the ion from the side of the electron that has fixed, Fq
is the force of the electron-dipole interaction between the
electron that has fixed and the polarized Ag atoms, ks is
the Boltzmann constant. Taking into account that the
attraction of the electron fixed at the center to ions and
polarized Ag atoms is replaced by a neutralized state of
the center, which persists for a certain time until a new
electron is captured. Then the force expressions Fj, Fq —
must be multiplied by the fraction of the time spent by
the particle in the charged state: F; =1;-k-e?/((t; +
7o) ' R?), F,=a-t k-e?/((t; + T.) ' R, where
k =9*%10° m/F, e — the charge of the electron, 7 — the time
until the capture of the Ag ion by the electron fixed in
the trap, z — the time until the capture of the emerging
electron by the trap, a — the polarizability of the Ag
atom. Drift currents on the growing particle cause a
redistribution of ions inside the sphere. Therefore, J; =
—Digrad(n;) +n; - D; - Fy - (ky - T)™", Jq = —Dagrad(ng) +
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NgDg-F;(ky-T)™. The particle growth rate is
determined by the mass balance equation
d_R_ J,.(t,r)+Ja(t,r)

dt ny

r=Rl(t) »

where nr is the concentration of atoms in the growing
Ag particle.

dn,fdt =0y - 3, -mn, 4R | (4R — 47 R23) (1)

The Eq.(1) determines the change in the
concentration of Ag' ions over time, ov is the number of
Ag* ions or electrons or holes that appeared under the
action of laser radiation in a unit volume of the AgBr
microcrystal in 1 s. The term — y*ni*n. describes the
recombination of Ag* ions with mobile electrons during
their movement to the traps, forming Ag atoms that
have not yet joined the clot. The last term describes the
increase in the volume of Ag clots in 1 s due to the
addition of Ag atoms formed from electrons fixed on the
traps and stray Ag* ions. For such a description, the ion
flux into a growing clot is divided by the difference
between the maximum volume and the clot volume at a
given time.

dn,[dt =0, — g, -ny -, —47R7)J| (4R 4z RY3) @)

The Eq.(2) determines the change in the
concentration of Ag atoms per unit volume of an AgBr
microcrystal per 1 s, which were formed during the
recombination of ions and electrons. The first term —
zie*ni*ne. determines that some Ag* ions recombine with
mobile electrons during their movement to the traps,
forming Ag atoms that have not yet joined the clot. The
next term describes that some of the Ag atoms are
polarized and attracted by the field of the electron that
has become fixed, and go to increase the volume of Ag
clots per 1 s.

dn,/dt =0y — Y. 1 -1, — Xpe -1y -1, — 1, [T, (3)

The Eq.(3) determines the change in electron
concentration. The second term — yi*ni*n. determines
the recombination of electrons with a part of Ag* ions,
the third term — g*nr*ne determines the
recombination of electrons with holes, the last term
determines — n./z the capture of a part of electrons by
trapsin 1 s.

dn,[dt = oy = 2,1y, -1, (4)

The Eq. (4) describes the change in the concentration
of holes formed under the action of light in a unit volume
of an AgBr microcrystal. The term — jyh X nnx ne
determines the recombination of electrons with holes.

The assumption is made that yie= yre where pie —
describes the recombination frequency of stray Ag* ions
and electrons, yre — describes the recombination
frequency of stray electrons with holes. Substituting the
expressions for Ju, Ji and taking into account the
transition from R to V and 4m-D -k e?(k,/T)™}, &€ =
XieTe, from Eqgs. 1-4 we obtained the system of equations:
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dn; [dt = (O'V(é:”h + 1)/(1 + f(”, + ”h)))‘(?’”i/(ym - V)),

dn, [dt =(oyn; )1+ &(n, +n, )~ (m, dmar/ BV, = V) (s
dn, [dt =, (&n, +1)/(E(n; +n, ) +1),

dv)dt= (7(}1[ +47am, /SV)/nR)

The computer model used Flint series lasers with a
beam diameter d=1x 10-3m and FemtoLux3 series
lasers with a beam diameter d=2x10-3m (see
Table 1).

For model calculations, the area of the AgBr
microcrystal in the photoemulsion SP-1 with
sensitivity 6 units GOST was S =0.25x10-12 m2,
Therefore, for model calculations, lasers with different
powers, different pulse durations and different pulse
repetition frequencies were used (Table 1).

Table 1 — Parameters of femtosecond pulsed lasers
(Lithuania-based manufacturers)
Laser
Light Laser |pulse Pulse. .
Laser |Laser . repetition
wavelength|power [duration
number |name /. (nm) ) £x 10-15 rate
s fx106g-1
1 Flint 1.0 1 80
2 Flint 2.0 2
3 Flint 4.0 1035 4 100 76
4 Flint 6.0 6
5 Flint 10 10 120
6 1
7 2
8 FemtoLux3|1030 3 300 3
9 4
10 5

The initial conditions for solving the SDE (5) were as
follows: ni=0, ne=10* m-3, nr=0, R=1.44x10-10m,
The following parameters were calculated in the computer
model:

1) the number of quanta N emitted by the laser in 1 s
determined by the formula P=Nhv/n for lasers with

A=1035nm, 1030 nm). Changing v=c/1 we obtain
N=nPA/(hc), where h is the Planck constant, c is the
-21- 5

—a—1W 4
271 | e—2w )
23] A—4W
—v—6W
244 [—e—10W
> 25
k=]
-26 -
-27 4
-28
.29

8 -7 -6 -5 -4 -3 -2 -1 0 1
lg(t)
Fig. 1- Growth kinetics on AgBr MC of Ag clots created by
femtosecond pulsed lasers of the Flint series with A=1035nm,
frequency =76 MHz with different powers and durations of laser
pulses according to the computer model. The number of each curve

in Fig. 1 corresponds to the number of the Flint series laser from
Table 1
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speed of light in vacuum, 7 is the efficiency (7=0.5) [20].
2) the area of the laser beam with a diameter of
1x10-3mand 2 x 10-3 m;

3) the area of a conventional microcrystal with a
size of 0.5 pm * 0.5 um.

4) The total time ¢ of the pulsed laser radiation action
without taking into account the time of dark pauses
(Table 2) (calculated by the formula ¢=zx fx d/v) [20],
where 7 is the duration of the laser light pulse (see
Table 1), f is the frequency of the laser pulses, d is the
diameter of the laser beam, v is the speed of the
photographic plate, d/v is the time during which the
photographic plate moved by the length of the laser beam
diameter.

Table 2 — Total pulse time of femtosecond pulsed lasers

Laser Total pulse time, t x 10-5 s

name

Flint 3,648 4,56 5,47
(Flint (Flint 2.0, Flint 4.0, | (Flint
1.0) Flint 6.0) 10)

FemtoLux3 | 0.36 0.72 [1.08] 1.44 [ 1.80

5) the number of quanta that fell on the volume of a
conventional  microcrystal ~ with a size  of
0.5 um x 0.5 pm x 0.1 pum was determined through the
proportion. For the lasers from Table 1, the values of ov
were calculated using the method described in the work
[20] (Table 3).

Table 3 — Calculated numerical values of ov of femtosecond
pulsed lasers

Laser Laser
number o e number Oy ,
from the r,mos from  the | 3 (-1
Table 1 Table 1
1 1.21 x 1027 6 0.9 x 1026
2 3.02 x 1027 7 1.8 x 1026
3 6.05 x 1027 8 2.7 x 1026
4 9.08 x 1027 9 3.56 x 1026
5 18.16 x 1027 10 4.46 x 1027
28 4
26 4
= 244 )
f<]
224
20
ol
18 T T T T T T T T 1
8 <7 B8 & 4 3 2 - 0 1

lg(t)
Fig. 2 - Kinetics of growth in AgBr MC of Ag ion concentration
created by radiation of femtosecond pulsed lasers of the Flint
series (Table 1) of different power according to the computer
model. The number of each curve in Fig. 2 corresponds to the
number of the Flint series laser from Table 1
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Table 4 — Change in the volume of an Ag clot under the influence of radiation from Flint series lasers according to computer model

data
Laser t=10-7s | t=10-6s | t=10-5s | t=10-4s | ‘2107 | t=102s | t=10-1s t=1s
number P 5s
from the W) . Vx10-
Table 1 Vx 1072, m? 2, s V, m?
! ! 7.76 2.68 820107 1 220107 1 94 10-24
2 2 2.92 6.42x10- | 5.28x 10~

7.80 3.05 o o 5.10 x 10-2
3 ! 1.85 7.88 3.64 LIT>107 | 1.04>107 1y 9 1022
4 6 2.93 7.96 4.22 L70> 107 165107 1y 55 90-22
> 10 8.18 5.85 8.25x107 1 809107 | 5 56, 10-22

Table 5 — Concentrations of silver ions (holes) (n; = n, (m™3)) in AgBr MC at different times under the influence of radiation from
Flint series femtosecond lasers according to computer model data

Laser t=10-"s |t:10*5s |t:10*5s |t:10*4s |t:10*3s |t:10*zs It:IO*ls |t:1s
number P

from the | (W) ni, m-3

Table 1

1 1 2.41 x 101 | 2.41 x 1020 | 1.20 x 1022 1.16 x 1023 | 9.79 x 1023 | 7.37 x 10 | 6.32 x 10% 1.23 x 1026
2 2 3.01 x 1020 | 3.01 x 102t | 2.98 x 1022 2.78 x 1023 | 2.11x 102 | 1.67x10% | 1.53 x 1026 1.50 x 1026
3 4 6.04 x 1020 | 6.03 x 1021 | 5.91 x 102 5.16 x 1023 | 3.87 x 1024 | 3.22 x 10% | 3.05 x 1026 3.00 x 1027
4 6 9.07 x 1020 | 9.04 x 1021 | 9.38 x 102 7.40 x 1023 | 5.55 x 1024 | 4.76 x 102 | 4.57 x 1026 4.50 x 1027
5 10 1.81 x 1021 | 1.79x 1022 | 1.68 x 102 1.32 x 102 | 1.02x10% | 9.32x10% | 9.10 x 1026 9.00 x 1027

Table 6 — Change in the volume of an Ag clot under the influence of radiation from FemtoLux3 series lasers according to
computer model data

Laser f t=10-"s It:IO*Gs |t:10*5s |t:10*4s t=10-3s t=10-2s t=10-'s |[t=1s
number 6 7 _ _
e | 10 V105, Va0 |y Ve | v,
table 1. st m m m

1 1 7.72 2.41 9.45 x 10-28 1.91 1.56

2 2 2.43 1.11 x 10-27 3.49 3.09

3 3 1.71 1.85 2.92 773 2.45 1.27 x 10-27 5.05 4.61

4 4 2.47 1.43x10-27 | 6.53 6.06

5 5 7.74 2.49 1.568 x 10-27 8.08 7.58

The SDE (5) was solved using the fourth-order
Runge-Kutta method.

3. RESULTS AND DISCUSSION

Using the computer model, the following results

were obtained:

1) For the Flint series lasers:

234

244

25

-26 4

(Ig(v)

274

— ke

The kinetics of Ag clot growth are shown in Fig. 1.

The values of the volume of Ag clusters on the AgBr
MC calculated in the computer model at different times
for pulsed femtosecond lasers of the Flint series are
given in Table 4.

Fig. 2 shows the change in time in the AgBr MC of
the Ag ion concentrations created by the radiation of
the Flint series femtosecond pulsed lasers (see Table 1)
according to the computer model.

The values of Ag ion concentrations in AgBr MC
calculated in the computer model at different times for
pulsed femtosecond lasers of the Flint series are given in
Table 5.

2) For FemtoLux3 series lasers:

The kinetics of growth of Ag clots are given in
Fig. 3.

28 4

-29 4

Fig. 3 - Growth kinetics in AgBr MC of Ag ions created by
radiation of pulsed femtosecond lasers of the FemtoLux3
series for different pulse frequencies (Table 1) according to the
data of the computer model. Curves 1, 2, 3, 4, 5 correspond to
the parameters of lasers 6, 7, 8, 9, 10 from Table 1

Fig. 4 shows the changes in time in AgBr MC of Ag
ion concentrations created by radiation of femtosecond
pulsed lasers of the FemtoLux3 series (see Table 1)
according to the data of the computer model.
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Table 7 — Concentrations of silver ions (holes) n; = n, (m=2) in AgBr MC at different times under the action of radiation from
femtosecond lasers of the FemtoLux3 series according to the data of the computer model

Laser f t=10-"s |t=10-‘is |t=10-5s |t=10-4s |t=10-35 |t=10-zs |t=10-1s |t=ls
number 6
from the 10 ni, m-3
Table 1. | 87"
1 1 8.99 x 1018 | 8.99 x 101 | 8.99 x 1020 8.90 x 1021 | 8.23 x 1022 6.39 x 1028 | 5.00 x 1024 4.55 x 10%
2 2 1.80 x 1019 1.80 x 1020 | 1.80 x 1021 1.76 x 1022 1.55 x 1023 1.17 x 1024 9.62 x 1024 9.02 x 102
3 3 2.7 x 1019 2.7 x 1020 2.69 x 1021 2.61 x 1022 | 2.23 x 1023 1.67 x 1024 1.41 x 1025 1.34 x 1026
4 4 3.55 x 1019 3.55 x 1020 | 3.54 x 102t 3.41 x 1022 | 2.84 x 1023 2.14 x 1024 1.85 x 1025 1.77 x 1026
5 5 4.45 x 1019 4.45 x 1020 | 4.43 x 102t 4.24 x 1022 3.46 x 1023 2.63 x 1024 2.30 x 1025 2.22 x 1026
274 lasers, the growth time of an Ag clot to a volume of
26 V=5.23x10-26m3 is ~10-2s. This is consistent with the
fact that silver particles capable of being developed are not
251 created during an exposure time of less than 10-5s [25],
24 4 and is also consistent with the basic provisions of the
23] Chibisov-Galashin-Fock theory.
5 According to the computer model (Fig. 1, Table 4),
(=)}

Fig. 4 - Kinetics of growth in the AgBr MC of the
concentration of Ag ions created by the radiation of
femtosecond pulsed lasers of the FemtoLux3 series (Table 1) of
different pulse repetition rates according to the computer
model. Curves 1, 2, 3, 4, 5 correspond to the parameters of
lasers 6, 7, 8, 9, 10 from Table 1

The values of the volume of Ag clots on the AgBr
MC calculated in the computer model at different times
for the pulsed femtosecond lasers of the FemtoLux3
series are given in Table 6.

The values of the ion (hole) concentrations in the
AgBr MC calculated in the computer model at different
times for the pulsed femtosecond lasers of the
FemtoLux3 series are given in Table 7.

Calculations in a computer model have established
that under the action of the surface of the AgBr
microcrystal radiation of a femtosecond pulsed laser
with a wavelength of 1=1035nm and a constant
frequency of f= 76 MHz of the Flint series, the growth
time of the Ag clot to a volume of V=5.23 x 1026 m3,
at which its spontaneous crystallization is possible at
room temperature, is:

a) t=4.74x10-2s for Flint 1.0 with a power of
P=1W and a pulse duration of =80 x 10~ 15 g;

b) t=3.06x10-2s for Flint 2.0 with a power of
P =2 W and a pulse duration of 7=100x 10-15 g;

¢) t=2.18x 10-2s for Flint 4.0 with power P=4 W
and pulse duration 7=100x 10-15 g;

d) t=1.79%x10-2 s for Flint 6.0 with power P=6 W
and pulse duration 7=100x 10-15 g;

e) t=1.27x10-2s for Flint 10 with power P=10 W
and pulse duration 7=120x 10-15 g;

Therefore, increasing the power of the femtosecond
laser and the pulse duration leads to a decrease in the
growth time of the Ag clot to a volume V=5.23 x 10-26 m3,
For the Flint 1.0, Flint 2.0, Flint 4.0, Flint 6.0, Flint 10

in the time interval of 10-7—10-1s of exposure to
radiation from femtosecond pulsed lasers of the Flint
series (Table 1) with a frequency of f=76 MHz of
different power, the volume of Ag clots on the surface of
AgBr microcrystals increases from V=1.71x 10-29 m3
to:

1. V=2.20 x 1025 m3 for the Flint 1.0 laser with a
power of 1 W and a pulse duration of 7=80x 10-1 s,

2. V=5.28x10-25 m? for the Flint 2.0 laser with a
power of 2 W and a pulse duration of 7=100x 10-15 g,

3. V=1.04 x 10-2* m? for the Flint 4.0 laser with a
power of 4 W and a pulse duration of 7=100x 10-15 g,

4. V=1.55x10-2* m? for the Flint 6.0 laser with a
power of 6 W and a pulse duration of 7=100 x 10-15 g,

5. V=3.09 x 1024 m3 for the Flint 10 laser with a
power of 10 W and a pulse duration of =120 x 10-15 s,

Therefore, the Ag clot grows most rapidly when
using the Flint 10 laser, which has the highest power
and duration of the laser pulse at a constant frequency
of f=76 MHz among the used Flint series lasers. This
occurs due to more intense heating of AgBr
microcrystals by laser radiation and an increase in the
concentration and mobility of Ag* ions and, as a result,
a faster formation of Ag clots.

From Table 5 it follows that for a time ¢t=10-7-10-
1s the concentration of Ag" ions increases within
ni=1.81x 1021 — 9.10 x 1026m —2 for the Flint 10 laser with
a power of 10 W and a laser pulse duration of 7= 120 x
10-%s. The value ni=9.10x102%6 m-3 of the Ag' ion
concentration is the largest value in Table 5 for a time
t=10"1s.

Also, calculations in the computer model established
that under the action of the radiation of the FemtoLux3
series femtosecond pulse laser with a wavelength of
A=1030 nm, power P=3W and laser pulse duration
7=300x 10~ s on the surface of the AgBr microcrystal,
the growth time of the Ag clot to a volume of
V=523x10-26m3, at which 1its spontaneous
crystallization is possible at a temperature of 7'= 300 K is:

a) t=1.72x10-1s for the laser pulse frequency

f=1x106s-1;
b) t=1.23x10-1s for the laser pulse frequency
f=2x106s-1;

c) t=1.018x10-'s for the laser pulse frequency
f=3x106s-1;

02001-5
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d) t=8.90x10-2s for the laser pulse frequency

f=4x106g-1;
e) t=797x10-2g for the laser pulse frequency
f=5x106s-1.

Therefore, the growth time of an Ag clot to a volume
V=523x10-26 m? for FemtoLux3 series lasers is of
the order of magnitude 10-2s-10-1s. This 1is
consistent with the fact that during an exposure time of
less than 10-5s, Ag particles capable of being
developed are not created [25], and is also consistent
with the basic provisions of the Chibisov-Galashin-Fock
theory.

According to the computer model (Fig. 3, Table 6),
in the time interval of 10-7—-10-1s of exposure to
radiation of femtosecond pulsed lasers of the
FemtoLux3 series (Table 1) with a wavelength of
A=1030 nm, power P=3 W and laser pulse duration
7=300x 10-15 g, the volume of Ag clots on the surface
of AgBr microcrystals increases from V=1.71x10-
29 m3 to:

1. V=1.91 x 1026 m3 for the laser pulse frequency

f=1x106s-1;

2. V=23.49 x 10-26 m3 for the laser pulse frequency
f=2x106s-1;

3. V=5.05x 1026 m3 for the laser pulse frequency
f=3x106s-1;

4. V=6.53 x 10-26 m3 for the laser pulse frequency
f=4x106s-1;

5. V=28.08 x 10-26 m3 for the laser pulse frequency
f=5x106s-1.

So, among the used FemtoLux3 series lasers, the Ag
clot grows the fastest in 10-7— 10-1 s under the action
of laser radiation with the highest laser pulse
frequency f=5x10%s-1 at constant laser power and
pulse duration. This occurs due to more intense heating
of AgBr microcrystals by laser radiation and an
increase in the concentration and mobility of Ag* ions
and, as a result, faster formation of Ag clots.

From Table 7 it follows that for the time ¢=10-7—

10-1s the concentration of Ag* ions increases within
the range ni=4.45x1019-2.30x102% m-3 for the
FemtoLux3 series laser (Table 1) with a wavelength
A=1030 nm, power P=3W, laser pulse duration
=300 x 10-15 s and laser pulse frequency f= 5 x 106 s~
1, The value n;=2.30x102*m~-3 of the Ag* ion
concentration is the largest value in Table 7 for the
timet=10-1s.

4. CONCLUSIONS

1. It was established that under the action of the
surface of the AgBr microcrystal by the radiation of a
femtosecond pulsed laser with a wavelength of
A=1035 nm and a constant frequency of f=76 MHz of
the Flint series, the growth time of the Ag clot to a
volume of V=523x10-26m-3  at which its
spontaneous crystallization is possible at room
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temperature, is:

a) t=4.74x10-2g for Flint 1.0 with a power of
P=1W and a pulse duration of 7=80x 10-15g;

b) t=3.06x10-2s for Flint 2.0 with a power of
P=2W and a pulse duration of 7= 100 x 10-15 g;

c) t=2.18x10-2s for Flint 4.0 with a power of
P=4W and a pulse duration of 7= 100 x 10-15 g;

d) t=1.79%x10-2s for Flint 6.0 with a power of
P =6 W and a pulse duration of 7= 100 x 10-15 g;

e) t=127x10-2s for Flint 10 with a power of
P =10 W and a pulse duration of 7=120x 10-15 s,

Therefore, increasing the power of the FL and the
pulse duration leads to a decrease in the growth time of
the Ag clot to a volume V=15.23 x 10-26 m3, For the Flint
1.0, Flint 2.0, Flint 4.0, Flint 6.0, Flint 10 lasers, the
growth time of the Ag clot to the volume V=523 x 10~
26m3 is ~ 10-2s. This is consistent with the fact that
during the exposure time of less than 10-%s, silver
particles capable of developing are not created [25], and is
also consistent with the basic provisions of the Chibisov-
Galashin-Fock theory.

2. It was established that under the action of the
surface of the AgBr microcrystal by the radiation of the
FemtoLux3 series femtosecond pulsed laser with a
wavelength of 1=1030 nm, power of P=3W and a
constant laser pulse duration of 7=300x 10-1%g, the
growth time of the Ag clot to a volume of V=5.23 x 10~
26 m3, at which its spontaneous crystallization at room
temperature is possible, is:

a) t=1.72x10-1s for the laser pulse frequency

f=1x106s-1;

b) t=1.23x10-1s for the laser pulse frequency
f=2x106s-1;

¢) t=1.018x10-1s for the laser pulse frequency
f=3x106s-1;

d) t=8.90x10-2s for the laser pulse frequency
f=4x106s-1;

e) t=797x10-2s for the laser pulse frequency
f=5x106s-1,

Therefore, the growth time of the Ag clot to the
volume V=5.23 x 10-26 m3 for FemtoLux3 series lasers
is from ~ 10-2 s to ~ 10! s. This is consistent with the
fact that during the exposure time of less than 10-5 s,
Ag particles capable of developing are not created [25],
and is also consistent with the main provisions of the
Chibisov-Galashin-Fock theory.

3. From computer models for the Flint series lasers, it
follows that with an increase in the power and pulse
duration of the FL at a constant pulse repetition rate, the
growth time of silver clots to a volume of V=5.23x 10~
26 m3 decreases.

4. From computer models for the FemtoLux3 series
lasers, it follows that with an increase in the pulse
repetition rate of the FL at constant power and pulse
duration, the growth time of silver clots to a volume of
V=5.23 x 10-26 m3 decreases.
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Kineruka pocry 3rycrtkiB Ag Ha mikpokpucrasax AgBr mig giero dpemrocexkyuguoro
iMIIyJIBCHOTO JIa3€PHOI'0 BUIIPOMIiHIOBAHHS

Ounexrcaunp B. Ilisens!, Oxer B. [liBenn?

L Yepracokuil 0epocasHull mexHoo2iunull yHigepcumem, 18006 Yepracu, Yrpaina
2 Hauionanoruli mexniunull ynieepcumem Yrpainu «Kuiecokuii nonimexnivnuil ikcmumym imeni leops
Cirxopcvrozon, 03056 Kuis, Yipaina

KoMm'ioTeparM Moe/II0BAHHAM BASABJIEHO KIHETUKH POCTY 3TYCTKIB Ag 1o 06'emy V= 5.23 x 10-26 M3 Ha
noBepxHi Mikporpucraais AgBr doroemysbcii mig mier0 peMTOCEKYHHOrO BHIIPOMIHIOBAHHS 1MITYJIBCHUX
nasepiB cepii Flint (mosxmua xBmai A= 1035 HM, vYacToTa CIiigyBaHHS IMIyJabciB f= 76 MI'm), cepii
FemtoLux3 (4= 1030 um, moryxkmuicts P = 3 Br, TpusBamicts immyabca 7= 300 de). Beranosieno, mo gac
pocty 3ryctriB Ag ma moBepxHi Mikpokpucrasie AgBr g0 o6’emy V=5.23 x 10-26 M3, mpu AKOMY MOKJIMBA
CITOHTAHHA KpHCcTasidaris arycTkiB Ag mpu remmeparypl 7'= 300 K cranosuts 1) ~10 1 ¢ st sta3epie cepil

FemtoLux3 (f=1MIn,

2 MT', 3 MI'm); 2) ~10 2 ¢ mist nmasepis Flint 1.0 (P =1 Br, 7= 80 ¢c), Flint 2.0

(P =2 Brt, 7=100 ¢c), Flint 4.0 (P =4 Br, 7= 100 ¢c), Flint 6.0 (P =6 Br, 7= 100 ¢c), Flint 10 (P =10 Br,
7=120 dec) 1 masepiB cepii FemtoLux3 (f=4 MI'u, 5MI'm). Ile ysromkyerbcs 3 TmM, II0 3a dYac
eKCIoHyBaHHs MikpokpucramiB AgBr, menmmit 10 ~° ¢ yactuHky Ag, 31aTHI IPOSIBJISITUCS, HE CTBOPIOIOTHCS.

Kmiouori cnosa: @emrocekyHnne JasepHe BuipoMiuioBauusg, Mikpokpucran AgBr, Bmiue masepmoro
sunpominoBauHsa, Kimetuka pocry, 3rycrok cpibna, Huspkouyriausuii dporomap, Kpucramisaris.
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