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Abstract: Potassium dihydrogen phosphate, KH2PO4 (KDP) crystal is an excellent electro-optical nonlinear optical crystal with large electro-optical nonlinear
coefficient, high laser damage threshold, and laser frequency doubling effect, electro-optical effect , Piezoelectric effects and other special features, widely used in
inertial confinement fusion engineering (ICF) and electro-optical switching devices. Therefore, its growth mechanism, growth process and performance have been
systematically studied. In the process of KDP crystal growth, it is found that the stability of the growth solution is an important factor affecting the quality of crystal
growth. Therefore, in recent years, more and more research on the stability of the solution, such as the study of ph, doping, supersaturation, overheating time on the
stability of the solution. Among them, the research on the doping is mostly reported, and the research on this aspect is mainly focused on two aspects. On the one
hand, it is the study of the stability of the solution under doping, and the other is the effect of doping on the optical quality of the crystal. In fact, the stability of the
growth solution and the quality of crystal growth is directly related to the quality, but the existing research to isolate the two researches. Therefore, the experiment
will be carried out in the case of double-doped KDP solution stability, KDP crystal growth and crystal optical quality and other experiments, and in-depth analysis
of the impact of solution stability and crystal optical quality of the reasons, while the solution stability and The relationship between the optical quality of the crystal
is briefly analyzed.
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1. Introduction In the period from 1925 to 1955, West et al. [1, 2] studied the

1.1 Research topics and significance

The 21st century has a rapid development of high-tech era, such
as new materials technology, information technology, new energy
technology developments has swept the world, and are also widely
used. How can the development of these technologies a good
embodiment of a country's comprehensive national strength, therefore,
with high-tech industry advantage is one of the important signs of
national development. And the rapid development of new materials is
the development of high-tech industry is an important aspect. The
National Eleventh Five-Year Plan also clearly pointed out: to
accelerate the development of high-tech industries, emphasizing the
development of new materials industry, and focus on the development
of special functional materials and other industrial groups, establish
and improve the new material innovation system.

New materials can be divided into functional materials and
structural materials by use. The functional materials are those which
have excellent electrical, optical, thermal, mechanical and other
functions, and can complete the transformation between functions for
the manufacture of various functional components (Such as KDP used
in laser frequency conversion, electro-optical modulation, acousto-
optic modulation, electro-optical Q-switched lasers, parametric
oscillator, piezoelectric transducers and optical fast switch) and is
widely used in various high-tech areas of high-tech materials; When
focusing on the use of its mechanical properties of the material known
as the structural material.

So far, there have been many studies on phosphate crystals (such
as KDP, DKDP and ADP) in functional materials. Such crystal
materials have been widely used in inertial confinement fusion
engineering (ICF) and electro-optical devices. However, it is not so
easy to grow crystals that meet the engineering requirements. Nearly
70 years, some scholars have done a lot of research on how to optimize
the crystal growth, but also get a lot of results. Therefore, based on the
existing theoretical basis of crystal growth and related experimental
results, this subject studies the effect of doping on the stability of KDP
crystal growth solution and its growth dislocation from doping.

1.2 KDP crystal structure

internal structure of KDP crystal under different experimental
conditions by X-ray and neutron diffraction techniques, and proposed
some structural parameters of KDP crystal. KDP crystal at a certain
temperature (123K) above belongs to the tetragonal system, the point
group, the space group. The unit cell parameters a =b = 7.4528nm, ¢ =
6.9717nm, each unit contains four primers. The ideal shape of the
crystal is a tetragonal column and a tetragonal double cone of the
polymer. In the KDP crystal, there is a strong polarization between the
P atom and the O atom, and the PO4 tetrahedron is formed by the
covalent bond. Each P atom is surrounded by four O atoms at the
approximate tetrahedron angle: P the atoms and the K atoms are
arranged alternately in the C-axis direction at ¢ / 2 intervals. Each PO4
group is connected with the other four PO4 tetrahedra with hydrogen
bonds adjacent to and adjacent to the C-axis direction, the group is
connected not only to the hydrogen-keyboard system, but also to the K
atoms. There are eight adjacent O atoms around each K atom. These
adjacent atoms, O, can be divided two interspersed into two PO4
tetrahedron, KDP crystal structure model diagram had shown in Figure
1.1
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Fig. 1.1 The structure model of the KDP crystal and ideal shape
of KDP crystal
1956 P.Hartman!® used the PBC (periodic bond chain) theory to
predict the ideal shape of the KDP crystal. It is found that there are
four strong PBC key chains in the KDP crystal: A: [001] direction, that

is, P (000 ) -K ( 00 5 ) —P(001) key chain, this key chain is linear,
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key length 0.3486nm; B:(100) direction, that is, P ( 000 ) -K
1 1
(2074 )-P(100) key chain, this key chain is a broken line

1 1 1
type, the key length is 0.4114nm; C : [ ) 2 7 ] direction, that is, P

(1000 ) K ( % 0 % ) fP(% % % )key chain, this key chain for
the fold line, the keyboard length 0.4114nm; the other for the weak
along the [110] direction of the D key chain (key length 0.527nm), this
key because of relatively weak , So in the prediction of crystal open
when not consider. The above four pbcs can divide the crystal into five
flat surfaces: {010} {011} {001} {110} {112}.

2, Thermodynamics principle of crystallization process

The formation of new phase, including crystal nucleation and
crystal growth of the two processes, called and
‘crystallization'. When the maternal phase is in equilibrium with the
new phase, some atoms or molecules gather to form germs because
some local regions of the thermal fluctuation (or fluctuation) system
always deviate from the equilibrium state (density fluctuation). At the
same time these atoms or molecules may be separated, to restore the
original state [39]. Only supersaturation is further increased, so that the
solution system to the unstable saturation zone, nucleation in the
solution in the spontaneous. If the solution is crystallized, there must
be a driving force in the phase change process to destroy the
metastable state, so that the phase change can be carried out in the
direction of crystallization. However, the driving force is dependent on
the free energy. The formation of the nuclei is the combined effect of
the two processes: on the one hand, the gas or liquid in the metastable
state, tends to agglomerate on the surface of the Gibbs function
spontaneously And on the other hand is the process of increasing the
surface Gibbs function by increasing the surface area of the condensed
state. The new phase is formed by the condition that the system's

Gibbs function is minimal, i.e. AG = AGV + AGS The smallest,

'nuclear’

which AGV is the system free energy changes, AG  the surface free

energy changes,
[40]

which can be the formation of new phase

conditions which is the principle of crystallization

thermodynamics.

Crystallization dynamics equations and parameters play an
important role in the analysis, design and operation of industrial
crystallization processes. In general, crystallization kinetics includes a
wide range of contents such as nucleation kinetics, growth kinetics,
crystallization molecular dynamics, and fluid dynamics. It is generally
believed that crystallization kinetics include only nucleation and
growth kinetics.

The crystalline particles (new phase) formed in the supersaturated
solution are called nuclei. The formation of nuclei can be divided into
two categories:

Primary nucleation: nucleation in the absence of crystals in
solution systems;

Secondary nucleation: nucleation in the presence of crystals in
solution systems.

Specific nuclei formation method as shown in Figure 2-1141;

Primary H
nucleation  [Non-homogeneous
Crystalline
bucleation |
Secondary Fll.!l(‘] shear stress
nucleation | Xuief

‘Wear and tear

Fig 2.1 The diagram of the conformation of nuclei

2.1 Primary nucleation

Primary nucleation is divided into homogeneous primary nuclei
(Nucleation) and heterogeneous nucleation (Heterogeneous primary
Nucleation) two kinds of uniform nucleation is spontaneous generation,
rather than by the external particles or substrate induced; and non-
uniform the nucleus is produced by the induction of foreign particles
or substrates.

2.1.1 The driving force of the new phase formation!

The formation of the new phase requires a certain system of
'over-saturated' or 'cold' and other conditions. For example, in the
solution, the solute crystallization process requires that the solution
system must be in a supersaturated state (i.e., the solute concentration
in the solution exceeds the solution saturation concentration), so that it
is possible to crystallize in the solution. However, even if the solution
system to maintain a certain degree of supersaturation, it may not
crystal phase transition process. We know that the
supersaturation of the solution system can be maintained at a certain
time is the reason for the existence of surface effects, therefore, only to
the new phase of a driving force, so as to achieve the crystal phase
transition process. Under certain pressure conditions, the new phase
formed Gibbs function changes. Such as the condition of melt is also
known as.

G=H-TS
When the two phases are balanced, GL = Gs which,

40]

occur

respectively L, S represent the melt and the crystal, there are
H, -TS, = Hg — TS,
and AG=G L~ GS
then AH = TAS
T ¢ under the melting point, there are AS c= AH / T c
For the temperature near the melting point T, the AS' ¢ entropy change

can be expressed as, and then the two-phase interface of the guise
changes to

AG=AH ~TAS, = aH -T2 —aga- 1y
TC TC

AT =T c— T Introductionis called 'undercooling', has

AG=AHA—T

C

also known AH
substance, with a fixed value.

as phase change latent heat, for a given

When the vapor phase is condensed into droplets in the vapor
phase, the new phase driving force is related to the saturated vapor

pressure P, , and the saturated vapor pressure of the vapor phase and
the saturated vapor pressure of the metastable state are P1 , and the

driving force of the new phase is dependent on the vapor saturation ,
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AG = k T ni
v B
If the crystals are crystallized in solution, the driving force of the
new phase is related to the solute in the solution. The supersaturation
concentration of the metastable state of the solution is, that the
saturated concentration is, the concentration expression of the new
phase formed by the thermodynamic principle,

AG:ETIng
v C,

2.1.2
Uniform nucleation is an ideal situation, you can use the

Uniform nucleation

thermodynamic theory to calculate the theory. In the process of
uniform nucleation, the formation of a new crystal phase particle,
caused by the Gibbs free energy change by the two processes to
determine the molecular binding process into a crystal embryo and the
formation of new crystal phase particles.
AG =AG, +AG, =4’y —%anGV 2.1
Which is the crystal embryo radius, is the nucleus surface area per
unit area of the surface energy (i.e. solid-liquid interface tension). at
room temperature and pressure, it is a function of temperature and
increases with increasing temperature.
Where,
3
AG, =K g S A A
Q 30

s 2 K

(2.2)

The driving force for the formation of the new phase is the work

of forming the r radius of the nucleus, that is, the volume QS of free

energy. Cl In the formula, C 5 the volume of a molecule of nucleation
grain is the actual concentration of the solution, A,u which is the

saturation concentration 7 of the solution, which is the change of the
chemical potential during the formation of the crystal embryo.

When the formation of nuclei in the process of dissolution and
accumulation to achieve equilibrium, there are:

dAG
=0
dr
Get nuclear conditions:
27 —rAG, =0
The critical radius of the nuclei can be obtained:
. 2 202

AG, Au

Equation (2.3) determines the balance between the crystal embryo
and the surrounding matter. When the size of the crystal embryo is less
than that, the free energy decreases with the decrease of the size of the
crystal embryo, so the crystal embryo will eventually dissolve. When
the crystal embryo size is larger than that, the free energy decreases
with the increase of the crystal embryo size, so the crystal embryo will
grow bigger. To form nuclei that reach a critical nucleation radius (), a
system should overcome the energy barrier (critical nucleation work),
i.e., the nucleation barrier, which can be expressed as:

2.4
AG2 %Y

Molecules only through the barrier, to reach the critical radius

will be nucleated in order to spontaneous crystallization growth, as

shown in Figure 221421
+ ACy
. r~ nucleus size
n
- AGy AG

Figure 2.2 Relationship between critical nucleation and surface
free energy

Fig. 2.2 The relationship of critical nucleation work and surface
free energy

2.1.3 No uniform nucleation

In the crystal growth system, many external factors (wall, liquid
surface environment, etc.) Will affect the nucleation of the solution
system, therefore, most nucleation belongs to the non-homogeneous
nucleation process. We discuss the nucleation conditions at the
interface of heterogeneous media. The nucleation is carried out at a
solid-liquid interface where the liquid moistens the solid surface and
nucleates at the solid interface, as shown in Figure 2-3 [40]. The radius
of the nuclei in the surface of the solid surface is the radius of the
nuclei. The interface energy of the solid-liquid interface is the interface
energy change in the liquid phase during the no uniform nucleation
process. The interface energy of the liquid-liquid interface is the
change of the surface area of the crystal nucleus in the liquid phase.
The surface energy of the core-solid interface is the amount of
nucleation contact area grown on the solid surface.

Figure 2.3 Schematic diagram of wet nucleation

Fig 2.3 Schematic diagram of wet nucleation

In the nucleation process, due to the interface caused by the
function Gibbs change, for no uniform nucleation,

Gi=G+Gy+G =04 +7,4, +7:4,
When the nucleus is formed, the solid-liquid interface reduction
should be equal to the area of nuclear solid-liquid interface,

* * 2
A, =—A =7R
The core-liquid interface is the corresponding spherical crown
area, which can be obtained from the three-dimensional geometry

A, =2 (1-cos0)
G2’ (1-cos @)+ R* (v, — 75)

To represent the nucleus volume, the crown volume formula is
available

Then

2
e :7Z7"3(2 3005§+cos 9)

In the no uniform nucleation, the total Gibbs free energy of the
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system changes
G =G, +G, =G, +V 'AG,

*

To achieve a balance, =0
or

2y,
AG,

%
Can be obtained crystal nucleus critical radius 7, =

2.2 Secondary nucleation

The solution system in the presence of solid phase crystals at
nucleation is known as secondary nucleation. On the one hand,
secondary nucleation is a multiphase nucleus, which is carried out in a
multiphase system. On the other hand, the appearance of the
crystallization center in the secondary nucleation process is, in many
cases, indistinguishable from the general homogeneous nucleation in
principle. This refers to the generation of new particles in the solid
phase of the solution body due to the presence of seed crystals.

The mechanism of secondary nucleation is complicated and has
not yet been studied. Therefore, the source of secondary nucleation
and the mechanism of its formation have been the subject of scientific
research among scientists. At present, this study is still in the semi-
empirical semi-theoretical stage. The secondary nucleation mechanism
can be divided into two groups [43].

The first category is various forms of non-contact nucleation.
Non-contact nucleation is the case where the new nuclei appear in the
solution in the case where the solid phase is not in direct contact, that
is, the crystals do not come into contact with or collide with each other
or with the crystallizer wall or other equipment. For example, when a
new crystal center is generated when a crystal or a few crystals are
added to the solution, if the crystal is added to a container containing a
supersaturated solution and the crystal is free to drop to the bottom, it
is often seen that There is a new crystal cloud in the process of crystal
settling [43], followed by particles. It is believed that the new crystal
cloud is formed by the microcrystals located on the crystal surface.
When the crystals precipitate in the solution, the microcrystals are
washed down and begin to grow up alone.

Crystals grown at larger supersaturation form fine needle-like
crystals and dendritic crystals, and the solution flows to destroy these
crystals and the resulting grains become new crystal centers. That is,
the seed surface in the interaction with the flow of local damage under
the mechanism. The correctness of this mechanism has been
demonstrated for the data of magnesium sulfate crystals [44].

The second category is contact nucleation. The contact nucleation
is directly related to the collision, the surface to the surface of the
sliding, friction and other factors directly related. The mechanism of
the analysis there are many, one of the most simple is the crystal
collision or collision with the equipment surface is broken. Each as the
broken particles becomes independent of the crystallization center. The
number of secondary nuclei obtained according to the contact
mechanism depends on the supersaturation of the solution, the contact
area of the solid particles, the energy of the interaction and the nature
of the crystalline material.

A portion of the data for the second nucleation can be expressed

by the following equation [43]

‘%4 = ]tfl(S‘Eimpz‘liy2 versus ‘%4 = k25Eimp

Where J- the number of nuclei due to a collision;
A- The contact area at the time of the collision;
O - Relative supersaturation;

E imp Collision energy.

The first formula is the 'crystal-device surface' (mold wall stirrer,
etc.) Collide with each other, the second formula that 'crystal-crystal'
collide with each other. The secondary nucleation rate according to the
contact mechanism can be calculated as follows:

dJ = ky (AC)P deEimpnO (dp)

In the above equation, the absolute supersaturation index P is an
empirical value, which is the crystal size and is the rotational
frequency. For a particular system, the solution of the above equation
has a different form. For example, for 'crystal-crystal' interaction, in
the mixing mold is:

_ P 2
J=k(Ac)" Em,
The collision in the above system is due to agitation, since it

determines the velocity of the motion and the mass of the heavy
particles of the suspension as the mass of the smallest size particles

sufficient to produce the nuclei. m Although the secondary

min
nucleation has various characteristics, but is the principle of
homogeneous nucleation as the basis, this foundation and other types

of nucleation the same.

2.3 Nucleation rate

The nucleation rate is the number of nuclei formed in the unit
volume per unit time. In discussing J phase transitions, the terms of
nuclei and crystal centers are generally regarded as the same concept
and refer to the growing crystals. Crystalline center is, in essence, a
new phase of particles that can continue to grow, or other solid
particles that can be used as raw materials. The nucleation rate of the
research method is in fact the number of crystallization centers.

Nucleation rate is controlled by two factors: one is the probability
of formation of nuclear embryos during phase change, and one is the
probability of molecular transition to nuclear embryo in the process of
diffusion.

The nucleation rate per unit volume is

D AGmax
nexp[— kT]

J=— (2.5)
r
Substituting (2.4) into (2.5)
D k 3.2
J = —2nexp[—%] (2.6)
a (kT)” (InS)

Among them In S = In Q , the diffusion coefficient of the particles
2
migrating from the liquid phase to the surface of the crystal embryo
AGmax

_ _2VYmaxy _ kT
D = D, exp( RT ) = %72777/

Approximate calculation (is the viscosity coefficient of the
medium, is the particle radius), is the average particle spacing.
Formula (2.7) associates the nucleation rate with the temperature
supersaturation coefficient and the physical properties of the
crystalline material. In addition, the rate of crystallization centers is
also related to temperature, crystallization of hydrodynamic conditions,
various mechanical effects, electric and magnetic fields. The influence
of various factors on nucleation rate is qualitative.

Factors that affect the rate of nucleation are as follows:

1) Supersaturation ratio

The nucleation rate is largely dependent on the degree of
supersaturation, and the number of particles formed in the new phase
should increase sharply as it increases and tend to zero as the decrease

2.7)
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decreases. At some limit supersaturation, the nucleation rate is equal to
zero. The relationship between nucleation rate and supersaturation
ratio is shown in Figure 24431

I 4

>

Siim ]

Figure 2.4 The relationship between nucleation rate and
supersaturation ratio

Fig. 2.4 Relation between nucleation rate and supersaturation
ratio

2) Temperature

The relationship between temperature and nucleation rate is more
complex and is interdependent with other crystallization parameters.
For example, changes in temperature can cause solution viscosity,
particle kinetic energy, solvent structure, solubility changes. So discuss
the temperature must take into account the characteristics of the
process associated with this change. According to the effect of the
above temperature pairs will increase the nucleation rate with the
increase. Of course, the premise is that the other values are
independent of the above.

3) Mechanical action

Mechanical effects have a significant effect on the appearance of
nuclei. Such as vibration, in the supersaturated solution occurred in the
surface of each other impact, stirring. Often the slight vibration of the
supersaturated solution or the addition of a solid to the solution will
begin to produce nuclei in the solution. In the absence of seed,
mechanical vibration is a reason for the beginning of phase change. At
present, the mechanism of this phenomenon is not clear enough, it can
be considered due to the role of mechanical vibration in the solution
appeared in the concentration of fluctuations, resulting in high over
saturation region, and in which the nucleus began to generate. Solution
stirring usually promotes crystal formation, but it is necessary to take
into account the range of supersaturation in order to talk about the
effect of agitation [42]. For example, where the solution is in the first
metastable zone, agitation should not affect nucleation as long as the
agitation does not bring the active center of the crystals into the
solution. Stirring in the second zone will accelerate nucleation.

For secondary nucleation, stirring plays an extremely important
role. The number of collisions and the impact of the impact itself can
be increased, which are formed on the secondary nucleation has a great
impact.

4) Various fields
[46]

Sobrnikovt™™ and many other researchers have studied the effect
of electric field on nucleation in solution, both studying the constant
field and studying the AC field. The results show that the magnitude of
the electric field depends on its frequency and intensity. At present its
mechanism of action is not clear. In addition, magnetic field,
radioactive ray and roenton ray have an effect on nucleation rate, but
less research on it now has not yet attracted the attention of
researchers!*%].

The nuclei appear before the molecular association, the solution
from the steady state to the unstable state of the process, these

associations gradually began to increase, and finally the formation of

new particles. So the nucleus is not the beginning of the emergence of
it takes some time, at the beginning, the largest nuclear particles into
the nucleus, followed by smaller particles, these particles are gradually
growing up. The relationship between nucleation rate and time is
shown in Figure 25431,

And the induction period of nucleation refers to the time from the
beginning to the generation of nuclei at a certain temperature, which is

related to the nucleation ratel*2]

-1
T«J

The nucleation rate is proportional to the reciprocal of the
induction period, and the shorter the induction period, the greater the
nucleation rate.

2.8)

J a

B

[4

) tNg r'“"mr
Figure 2.5 The relationship between nucleation rate and time
Fig. 2.5 Relation between nucleation rate and time

2.4 Summary

This chapter mainly introduces the thermodynamics principle of
crystallization process, describes several different ways of nucleation,
calculates some nucleation critical parameters of these nucleation
methods, and analyzes the influencing factors of nucleation mode.
Finally, the introduction for definition of nucleation rate and its
influencing factors. For the crystal nucleation and growth of
theoretical knowledge to prepare.

Conclusions

In this paper, the stability of KDP solution was first studied. The
effects of different dibasic (EDTA + kcl) concentration on the
solubility of KDP and the width of metastable zone of saturated
solution were discussed. At the same time, the effects of different
doping and different supersaturation KDP supersaturated solution, and
the nucleation thermodynamics parameters were calculated by
combining the classical homogeneous nucleation theory. In the case of
no rotation, the KDP crystal growth under different doping
concentration and different saturation (100) plane was studied, and the
growth mechanism of (100) plane was determined. Finally, the KDP
was grown by chemical etching method under different conditions.
The crystal (100) was etched and the dislocation distribution of the
etched surface was observed with an optical microscope. The main
conclusions are as follows:

(DThe experimental results show that the doubling has a
significant effect on the solubility of KDP. With the increase of doping
concentration, the solubility of KDP is obviously decreased, and the
width of metastable zone increases with the increase of doping
concentration. Sex has also been improved accordingly.

@According to the classical uniform nucleation theory, the KDP
supersaturated solution into the nucleation of what research. The
nucleation induction period of KDP solution at different temperature,
different supersaturation and different doping concentration was
determined by experiment. The results show that the nucleation
induction period of KDP supersaturated solution increases with the
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increase of doping concentration, decreases with the increase of

supersaturation ratio, and when KDP solution supersaturation ratio
S>1.15, the nucleation method is uniform Nuclear, S <1.15, the non-
uniform nucleation dominates.

(®The nucleation thermodynamics parameters were calculated by
the classical uniform nucleation theory. It can be seen from the
calculated results that the doping can increase the critical nucleation
energy and the solid-liquid interface tension, which makes the stability
of the solution system improve.

@Through the calculation of the surface entropy factor, the
micro-growth mechanism of KDP crystal under the experimental
conditions was determined as continuous growth mode.

®By measuring the growth rate of KDP crystal (100) surface
grown under different growth conditions, it can be found that doping
can increase the growth rate of (100) surface to a certain extent.

©The growth mechanism of KDP crystal (100) plane was
determined as the two-dimensional nucleation growth mechanism. The
step edge energy of two-dimensional nucleation was calculated, and
the doping was analyzed microscopically. To a certain extent, can
improve the growth rate of (100) surface, which is consistent with the
experimental results.

(DIt can be found that the dislocation density increases with the
increase of saturation when the dislocation of the KDP crystal (100)
plane is increased. Under the same supersaturation, the dislocation
density increases with the increase of the dopant concentration, (1
mol% kcl and 0.01 mol% EDTA) can make the dislocation density
small (even less than undoped), but also the solution has a certain
degree of stability.

Although the research results of KDP solution stability,

crystallization thermodynamics and dislocation density distribution
have made some research results, but there are still some limitations in
the research, the following is to be further carried out and improve the
work:
(DSince the stability of the solution after doping is studied in this paper,
it is not perfect to study the change of crystal optical quality due to the
change of stability. Therefore, in studying the stability of solution, we
can use some special the equipment observes the optical properties of
the crystal after the solution stability changes, such as the
transmittance of the crystal, the observation of the crystal scattering
particles, and so on.

@In the process of crystal growth, due to the use of this
experiment does not rotate and the crystal placed in the bottom of the
growth of the crystal, so that in the crystal growth process will be in
the crystal surface of crystal or crystal appear on the crystal growth is
extremely unfavorable. It is necessary to improve the crystal growth
apparatus so that the crystal grows better.
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