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The Effect of Minor Elements on Exothermic Fusion Reaction
to Form a Ti-Ni Intermetallic Compound

Yoshikazu Suzuki, Katsuyoshi Shimokawa and Yoshinobu Ueda

A Ni-Ti intermetallic compound has been obtained easily by exothermic fusion reaction under the adequ-
ate condition of rapid heating under low pressure, although the heating temperature does not reach the
eutectic point for a Ti-Ni alloy. The excthermic fusion reaction of a Ni-Ti powder compact happened
accompanying the reaction of minor elements with each other, which Ti powder contains : Na, Mg, Cl, O,
H. B and Si added to a Ni-Ti powder compact trigger a more active exothermic reaction than the minor
elements which are included in raw Ti particles. The ignition of the reaction by the contained or added ele-
ments affected the temperature and the reaction time when the self-exothermic reaction of a Ni-Ti compact
started rapidly.

1. Introduction

In the previous reports® ~ ¥, the Ni-Ti intermetallic compound was formed by exothermic fusion reac-
tion accompanied by a great amount of heat, in a very short period, when the Ni-Ti compact was heated
rapidly in vacuum. In this case, just when the compact melted to form an alloy, gases released from the
compact and then impurities in the alloy dissipated.

The adequate reaction conditions were a heating rate faster than 35°C/min, pressure lower than
10 ~ 3Pa, and blended powder with a mixing ratio of Ti and Ni powder between 52 : 48 and 44 : 56.
Moreover, it was found that minor elements of Na, Cl, O and H were contained in the commercial Ti
powder.

In this report, exothermic fusion reaction caused effectively by some minor elements is investigated,
and it is shown that the addition of other elements to the Ni-Ti compact such as B and Si can control the
conditions necessary to ignite the reaction.

2. Experimental Method
2-1. Sample

The sample powders used in the experiment were commercial nickel, three kinds of titanium, boron,
and silicon powder, having the chemical compositions and average sizes shown in Table 1.

Table 1 Chemical composition of metal powders.

Composition ( wt% ) Diameter
Powder Al Cr Fe Si Ca Mn Ti Ni B c ( um )
1 0.007 0.005 0.01 0.003 0.01 -— 99.9 — - - 150>
Ti 2 - - - - - - 99.9 — - - 55>
3 0.02 0.005 0.01 0.003 -— 0.001 99.9 — - — 44>
Ni - - 0.01 - — — - Bal, — 0.03 2.2
~0.08
Si - - - 99.99 — — - - - - 44>
B - — - - - - - - 99 - 40>
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Pressure change, Pa

2-2. Analysis of the minor elements in the Ti powder

The minor elements in the Ti powder were analyzed by atomic absorption analysis of Na and Mg, the
silver nitrate titration method for Cl, and the rapid automatic gas analysis® method for O and H shown in
Table 2.
2-3. Preparation of the compacts

Powder mixtures were prepared by mixing Ti powder 50 atomic % Ni powder and 14 atomic % B pow-
der or 9.5 atomic percent Si powder. These compacts were prepared by a pressing at 3 t/cm?.
2-4. Heating

While the powder compact was heated at a rate of 40°C/min under low pressure, the temperature change

of the compact and the pressure change in the furnace were measured simultaneously.

3. Experimental Results
3-1. Effect of minor elements in Ti powder on exothermic fusion reaction

Figure 1 (a, b, c) shows the changes in temperature and pressure for the compacts which were blended
using different Ti powders. Both the highest peaks of temperature and pressure in (b : sample (2) ) and (c
: sample (3) ) show a faster starting time and a lower temperature than those in (a : sample (1) ). As re-
ported previously®”, exothermic fusion reaction happened at the highest peak of temperature or pressure.
From these resrlts, it was recognized that each of the compacts, containing different kinds and contents of
the minor elements in the three kinds of Ti powder shown in Table 2. is affected by these minor elements
in its starting time and temperature for the reaction.
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3-2. Effect of the elements added to Ni-Ti compacts on exothermic fusion reaction

The temperature and pressure changes for the Ni-Ti compacts with Si or B added are shown in Fig. 2
(b) and (c)., respectively. Both the highest peaks of temperature and pressure shifted to a lower tempera-
ture and a shorter time than these same peaks for a Ni-Ti blended powder without additives, as shown in
Fig. 2(a). The effect of additives in the Ni-Ti compacts on the reaction are recognized in these results.

Photo. 1 (a, b, c) shows cross sections of non-additive, Si-added, and B-added samples, respectively.
Although there was found to be a homogeneous matrix of Ti-Ni phase in Photo. 1(a), the Si-added sample
showed eutectic structure around grain boundary in Photo. 1(b), and the B-added sample showed many dis-
persed fine particles in Photo. 1(c) ; black particles are Ti-B, white matrices Ti-Ni.

4. Discussion
4-1, Exothermic fusion reaction of Ni-Ti compacts

Fig. 3 shows a model of the reaction proccess, assuming that the exothermic fusion reaction between
Ti and Ni particles happens in the three stages of the liquid formation process explained in the previous
report®,

It is assumed that all steps of liquid sclutions of the exothermic reaction propagated rapidly because Ti
and Ni diffused homogeniously in liquid solutions for short time. Based on the phase diagram of the Ni-Ti
system in Fig. 4(b), the exothermic reaction process could be divided into the three stages shown in equa-
tions (1), (2) and (3).

2Ti + Ni— TigNi + 20 kcal/mol (1)
TiNi + Ni — 2TiNi + 11.8 kcal/mol -{2)
TiNi + 2Ni — TiNi; + 17.6 kcal/mol +(3)

The heat released from each reaction was calculated based on equations (1). (2) and (3), Curve “A”
in Fig. 4 shows the temperature for the exothermic reactions with rapid heating to 820°C (curse “D”) out-
side the compact. Curve “B” indicates sample temperatures when the latent heat of fusion was absorbed
at a temperature of curve “A”. Curve “C” shows temperatures which were measured by direct contact of
a thermocauple with the sample. The numbers in Fig. 4 indicate each of the reactions based on every
stage of the exothermic reactions. Exothermic temperature ( A T) was calculated by using the amount of
heat ( A H) in the reaction and the specific heat (C;) of each element, according to the following equation :
Cp AT=AH:--- (4)

Table 2 Chemical composition of minor elements in Ti powders.

Minor elements in Ti(ppm)
Sample No. Na Mg C1 02 H:
1. Maker A ( 150um> ) 17 80 149 1280 109
2. Maker B ( 5B5im> ) 596 13 255 1610 684
3. Maker A ( 444m> ) 19 30 227 1400 83




Phooto. 1 Cross section image of Ti-Ni alloy after

exothermic fusion reaction ; {2} non
additive, (b} added 9.5 at % Si, (¢) added

14 at % B.

Boundary
Phase 1

Solid Ti Solid Ni

—_—
Liquid: Ti>»Ni
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Liquid: Ti>Ni, Ti~Ni, Ti<Ni

Fig. 3 Three phase steps of liquid appeared in contact zone of Ti and Ni particles.

Phase 1: Ti (S) + Ni (S) — L (Ti>Ni)

Phase 2: L (Ti>Ni) + Ni (S)— L (Ti=Ni)

Phase 3 : L (Ti=Ni) + Ni (S)— L (Ti<Ni)
(S: Solid

L: Liquid



Table 3 shows the specific heat and the latent heat of fusion for each element used in the experiment.
Temperature curve “A”, calculated by using equation (1), is higher than curse “B”. This means that it was
necessary to consume a greater of latent heat in the range where the liquid solution of Ti and Ni increased,
as shown in the phase diagram of Fig. 4 (b). The sample temperature became lower because the fusion
reaction heat was compensated by the latent heat. This figure also makes obvious that the Ni-Ti compact
could be fused by the reaction when the mixing ratio was in the range of atomic ratios between 48 : 52 and
56: 44.

4-2. Effect of minor elements in Ti powder on exothermic heat
The phenomenon of the reaction actually happening at about 820°C with rapid heating in a vacuum,

though equation (1) showed the exothermic reaction happening at above 950°C, was investigated as follows.
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Fig. 4 Reiation between composition diagram (b) and calculation (A,
B) or measured (C, D) temperatures (). (A-solid circle : calcu-
lated from exothermic reaction, B-empty circle : reduced A
by fusing with latent heat, C-delta : measured specimens, D :
heated quickly in vacuum furnace, 1~4: steps of exothermic
reaction)

Table 3 Specific heat and latent heat of fusion

Element Ti Ni NaC1l Na.O MgCl 2 Mg0
Specific heat 0.148 0.142 0.255 0.482 0.211 0.321
(cal/g.deg)
Latent heat of fusion 93.9 69.8 - - - -
(cal.g)




It was found that all the elements ; Cl, Na, Mg, H and O were present in Ti powder and that they
were on the order of 100 ppm, as shown in table 2. Some elements were residual in Ti powder during the
manufacturing process, as reported in the previous paper'®. It was considered that these minor elements
triggered effectively the exothermic fusion reaction. For example, when either Na or Mg in Ti powder be-
gin to react with the Cl of the Ti-Cl compound located on the surface of the Ti particle, the heat released is
as shown in equations (5) or (7) ; also, either Na or Mg could release heat by an oxidizing reaction with ox-
ygen in the compact as shown in equation (6) or (8).

Na + ¥ TiCl, =% Ti + NaCl + 98.6 kcal/mol --+(5)
2Na + 14 0, = Na,0 + 99.2 kcal/mol (6)
Mg + % TiCl, =4 Ti + MgCl, + 153.3 kcal/mol «{7)
Mg + % O, ~ MgO + 143.7 keal/mol -++(8)

Fig. 5 shows the three steps in the reaction between Na and Cl or O on the surface, with contact of Ti
and Ni particles. When Na and Cl or O in a Ni-Ti compact were heated rapidly at low pressure, they
reacted on the surface, contacting Ti and Ni particles (first step). The surfaces of both the Ni and Ti parti-
cles began to get hot with the release of heat and activation of the contact zone (second step). The re-
leased heat accelerated the exothermic reaction as shown in equation (1) ; a liquid solution (Ti,)Ni) was
formed in the contact zone of Ti and Ni particles (third step).

The depth from the surface of both Ti and Ni particles fusion to begin the exothermic reaction from
which the Ni-Ti compact wholly propagates, as shown in equation (1), in a model Ni-Ti compact (50%Ni and
50%Ti; 2.5g) containing minor elements was estimated. If it is assumed that the depth from the surface of
a Ti particle (55 x« m diameter) in contact with Ni particles was X, then the depth from the surface of a Ni
half-particle (2.2 ;2 m diameter) would be 0.37X. This is explaimed by the fact that both depths from the
surface of Ti and Ni particles were calculated by a volume ratio of Ti: Ni = 3: 1, when the liquid solution of
2Ti + Ni firstly formed in the contact region of both particles as shown at phase 1 in Fig. 3 and at (1) step

in Fig. 4.

Phase 1 Phase 2 Phase 3

0

Na,0
Na
cl
‘ 0 NaCl
Na
Ti FNi Ti ANi
Boundary Boundary Liquid: Ti>Ni,

Fig. 5 Surface layer size for self-exothermic fusion reaction happen with interact-

ing Na and Ci or O.

Phase 1 : Concentration of Na, Cl and O on surface of Ti and Ni particles.

Phase 2 : Forming with exothermic reaction into Na;O and NaCl,.

Phase 3 : Liquid (Ti>Ni) appeared firstly in contact zone of Ti and Ni parti-
cles by phase 2 process before starting exothermic fused reac-
tion between Ti and Ni.

(R, 7 : radius of Ti and Ni, x : effective thickness for beginning self-

exothermic fusion reaction)



Table 4 shows the values of the elevating temperatures which were calculated by using equations (5)
and (6), and the values of the contents of Na, Cl and O as shown in Table 2. When X is 0.3 # m, the
temperature on the surface of the Ti and Ni particles reaches a temperature 221°C higher than the heating
temperature of 820°C by releasing the heat from the exothermic reaction of the minor elements.

Table 5 presents every values which compared with elevating temperatures were calculated by use of
It was found that
sample (2) of Ti powder contained the amount of Na required for the most effective exothermic reaction,
This finding agreed with the experimental

exothermic reaction equations of minor element ; Na, Mg, Cl, O, when the X is 0.1 zm.

more than samples (1) and (3), which contained Mg by analysis.
results shown in Fig. 1.

5. Conclusion

The effect of the minor elements contained in or added to Ti powder, which reacted with one another
when heat was applied rapidly under low pressure, thereby causing a release of heat on the exothermic fu-
sion reaction of a Ni-Ti powder compact was investigated.

Table 4 Calculated thickness and quantity of surface layer
of Ti and Ni particles for exothermic reaction and
elevating temperature.

Surface layer thickness Ti layer, Ni layer Elevating temp. ( ) | Reached temp.
Ti (um), Ni (um) ) , (&) NaCl, Na,0 (o
0.1 0.037 0.0108 0.0068 305 371 1496
0.2 0.074 0.0270 0.0122 136 172 1128
6.3 0.111 0.0377 0.0176 97 124 1641

Table 5 Calculated temperature at surface layer of Ti and Ni
particles by exothermic reaction of minor elements.

Elevating temp (T}
Sample No, (1) NaCl, (2) Naz0, (3) MgClz, (4) Ms0 Total temp.(T}, Reached temp. ()
1 33 e 119 96 248 1064
2 305 371 — — 676 1496
3 39 — 84 or (84) 123 943

{Ti layer : 0.lgm
Ni layer : 0.037xm



The results obtained are summarized as follows.
(1) It was shown by the calculation of the heat released from the reaction that the exothermic fusion reac-
tion of a Ni-Ti powder compact quickly formed a liquid solution in three steps, and that a Ti-Ni alloy (50%Ti
and 50%Ni) became solid-state, homogeneous Ti-Ni when adequate heat was applied.
(2) It was confirmed quantitatively that the exothermic fusion reaction of a Ni-Ti powder compact happened
in effect in the minor elements ; Na, Mg, Cl, H and O which were residual in Ti powder during the manufac-
turing process.
(3) It was shown that this exothermic fusion reaction of a Ni-Ti powder compact was accelerated in effect by
the added elements which released the heat during the reaction, and that other phase of the compound de-
vided in fine particles which were dispersed in Ti-Ni matrices of the product.
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LESRTH2HDTH Y, FORKIIX 4 O%E
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DO.5t/hFA LTI hEBHL T ED), b
ASET & HARERSE R % FruC C 868 8w dtiE T
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%o

ERHFRORETIXd 555, CFB #{t%¥a v
Tt =GR L ES L3 aabashTn
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LB FRERIEL OMGE L HE 2 - TI9704E4K
LI, AdItEENEE->T VA, CFBC A4
T —DOEESER 7T IR FE TR G EEE,
BB, EEEIEE, BOTH (ARE4E) &8, KT
BRI & CERAE TR TS 5 SRR,
FIBFRRIGORERE (=850T) LOBEHET,
WE, 800~900C OHBICRE S NS, T ALK
FOEBREIAE VO THENOBESTHSIEE
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JBNEEE ORI RARIC 8 5 72 & OFT %
BHTW5,

3. 2 CFBCOEFRHSHIH T 3138A
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ETEI%BL LIS, KOS A4 7 VBT
VST v ZBID FBC & Ml d 5 &R Ak
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PRBEIR T OB E % K141 R 3%, B E N
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ABSTRACT

Current Status of Industrial Applications of the Circulating
Fluidized-Bed Technology and Circulating Fluidized-Bed

Coal Combustors

The principle of the circulating fluidized-bed technology has been established in the thirties, and the first
commercial plant by use of the technology was succesfully operated in 1942 as a Fluid Catalytic Cracking
process (so-called FCC process) to produce high octane gasoline from light oil. Currently the technology
has commonly been used all over the world for coal combustors which have high capability for simultaneous
controll of nitric sxides and sulfur oxides emissions.

This paper firstly reviews not only the cuwrrent status of industrial applications of the -circulating flui-
dized-bed technology but also under developing technologies briefly. Then the performances and detailes of
structural design of the circulating fluidzed-bed coal combustors are described on the basis of the data

obtained from the commercial boilor plants.
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Fig. 2. Schematic diagram of energy transfer
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donor to acceptors. (b) Energy transfer
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Table 1. Parameters for the fitted decay curves by the non-linear analysis. Parameters are
determined by the experimental data [11] shown in Fig. 6. Parameters D and P
are estimated as common parameters for various molar ratios Tb/Nd.

Nd/Tb=0.0 | NdTb=0.2 | NdTb=05 | Nd/Tb=1.0
VR (sec-1) 400 400 400 400
VN (sec-1) 3z 118 203 456
Vr(sec-1) 0 296x10°%  371x102|  5.7x10°2
Do (1=0) 1.0 1.0 10 10
Pa (1=0) 0.0 0.0 0.0 02
" Ca (m-3) 0.0 4x1025 1x1026 2x10 26
Va(sec-1) 0 0 0 0
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‘curves of the nonlinear analysis with In-
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ences are found near the Intitial point.
The decay curves by the nonlinear analy-
- sis are almost linear in semi-log coordin-
ate. The decay curves by the Inokuti-
Hirayama equation are non-exponential in
its nature and have infinite slope at the in-
itial point even with a low acceptor con-
centration.
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Program Fitting to Tb Nd;

{ written by K. TONOOKA on 1990-8-29 }
{ analysis of decay curves } '

{ for energy transfer of electronic excitation }

{ by a coupled non-linear rate equation }

uses crt, dos, graph ; { for Turbo Pascal v4.0 & v5.0 }

(* % $I ¥ lib 3 ¥ TPGLIS. inc * )
(%% $i TPGL 150. inc * )

{ $i ¥ pascal ¥ lib 3 ¥arithfun. inc }
{* i ¥ pascal ¥ lib 4 ¥ tp4gl98. inc }

const
Ymin = 0.5e-2; Ymax = 2e0;
tl =0; t2 = 10e-3;
type
Nreal = extended ;
str20 = string [ 20 ] ;
Rarray = array [ 1..30 ] of Nreal ;
var

i, k, NumofData, trial ; integer ;

NuR, D, Rn, Rg, g,beta, alpha: Nreal;

SqrSum, deltaT, RHOa0: Nreal;

Intensity, Ca, Cd, NuT0, NuN, NuA, t: Nreal;
Xdata, Ydata, RHOdata: Rarray;

sampleName : str 20 ;

{$i ¥ pascal ¥ turbo4 ¥ dat2tbNd. pas }

procedure SetlnitialValues ;
begin
beta: = le-35;
deltaT : = t2/1000 ;
NuR: =400.0; D: = 2e-54;
Rn: =0.5e-9; Rg: =le6; g: =50;
NuTO: = 4 % Pi * D % NuR/3/Rn/Rnv/Rn ;
NuN: =100; NuA: =10;
alpha: = 1.0;
Cd: = 2e26; Ca: = 0.40e26;
NuT : = 0.50e-22 ;
RHOa0: = 0.0;

end;



Procedure CalcNextRHO ;

var a: Nreal;

begin  a: = Ca % NuT * RHOd * (1-RHOa) ;
RHOddt : = —-(NuR + NuN) * RHOd-a;
RHOadt: = Cd % NuT * RHOd * (1-RHOa)-NuA * RHOa;
RHOd : = RHOd + deltaT * RHOddt ;
RHOa: = RHOa + deltaT % RHOQOadt :
t: =t + deltaT ;

end;

procedure MakeRHOdata ;

var k: integer;
begin t:=1tl; RHOd: =1; RHOa: = RHOa0;
while t < Xdata [ numofdata ]+ deltaT do
begin { writeln (t, RHOd); }
for k: =1 to NumofData do
begin

if (t> = (Xdata[k]-deltaT/2))
and (t (= (Xdata[k ]+ deltaT/2))

then begin
RHOdata{k]: = RHOd ;
end;
end;
CalcNextRHO ;
end ;

end;

procedure PrintRHOd ;
bigin
gotoxy (62,2) ;
write (RHOd =’, RHOd: 12};

end ;

function GetIntensity (Cd: nreal) : Nreal;
var a, b, ¢, rootl, root2: Nreal;

begin
GetIntensity : = alpha * RHOd * Cd;
end;
procedure PlotData ;
var j: integer;
begin gotoxy(15,2) ;
write(sampleName) ;
for j: = 1 to NumofData do
begin
DotPoint (Xdata[j], Ydata[j]);



end;
end;

procedure CalcSqrSum;
var ans, y: Nreal;
j: integer;
begin ans: =0;
MakeRHOdata ;
for j: =1 to NumofData do
begin  if RHOdata[j]= 0 then
begin
write (Zero’);
delay (1500) ;
end;
Y:=Ln (RHOdata[j]);
ans: =ans + SQR (Ln (Ydata[j]) -Y));
end;

SqrSum : = ans; { writeln (SqrSum); }
end;
procedure Alphaloop ;
var suml, sum2, sum3, deltaAlpha : Nreal;
j : integer ;
begin deltaalpha : = abs (alpha/trial/10) ;
CalcSQRsum ; suml : = SQRsum ;
alpha : = alpha + deltaalpha ;
calcSQRsum ; sum2 : = SQRsum ;
alpha: = alpha — 2 * deltaalpha ;
calcSQRsum ; sum3: = SQRsum ;
alpha : = alpha + deltaalpha ;
while (suml> sum2)or(suml> sum3) do
begin
if Suml> Sum2 then
begin
alpha : = alpha + deltaalpha ;
end ;
if Suml> Sum3 then
begin
alpha : = alpha—deltaaipha ;
end;
CalcSQRsum ; suml : = SQRsum ;
alpha : = alpha + deltaalpha;
calcSQRsum ; sum2 : = SQRsum ;
alpha : = alpha-2 * deltaalpha;
calcSQRsum ; sum3 : = SQRsum ;



alpha : = alpha + deltaalpha ;
end;

end;

Procedure NuRloop ;
var suml, sum2 sum3, deltaNuR : Nreal ;
j: integer ;
begin deltaNuR : = abs (NuR/trial/10) ;
CalcSQRsum ; suml : = SQRsum ;
NuR : = NuR + deltaNuR ;
calcSQRsum ; sum?2 : = SQRsum ;
NuR: = NuR-2 * deltaNuR ;
calcSQRsum ; sum3 : = SQRsum ;
NuR: = NuR + deltaNuR ;
while (suml?> sum?2) or (Suml> sum3) do
begin
it Suml> Sum2 then
begin ‘
NuR : = NuR + deltaNuR ;
end ;
if Suml> Sum3 then
begin
NuR : == NuR—deltaNuR ;
end;
CalcSQRsum ; suml: = SQRsum;
NuR : = NuR + deltaNuR ;
calcSQRsum ; sum?2 : = SQRsum;
NuR : = NuR-2 * deltaNuR ;
calcSQRsum ; sum3 : = SQRsum ;
NuR: = NuR + deltaNuR ;
gotoxy (15,21);
writeln (NuR =’, NuR: 14) ;
end;
end;

procedure NuAloop ;
var suml, sum2, sum3, deltaNuR . Nreal ;
j: integer; ‘
begin deltaNuA : = abs (NuA/trial/10) ;

CalcSQRsum ; suml : = SQRsum ;
NuA : = NuA + deltaNuA ;
calcSQRsum ; sum2: = SQRsum;
NuA: = NuA-2 * deltaNuA ;
calcSQRsum ; sum3 : = SQRsum ;
NuA : = NuA + deltaNuA ;



while (suml> sum2) or (suml)> sum3) do

begin

if Suml> Sum2 then
begin
NuA: = NuA + deltaNuA ;
end ;

if Suml> Sum3 then
begin
NuA : = NuA—deltaNuA ;

end ;

CalcSQRsum; suml: = SQRsum;
NuA : = NuA + deltaNuA ;
calcSQRsum ; sum2: = SQRsum ;
NuA ; = NuA-2 * deltaNuA ;
calcSQRsum ; sum3; = SQRsum;
NuA : = NuA + deltaNuA ;
gotoxy (15, 21);
writeln (NuA ="', NuA: 14);

end ;

end ;

Procedure NuTloop;
var suml, sum2, sum3, deltaNuT: Nreal;
j: integer ;
begin deltaNuT : = abs (NuT/trial/10) ;
CalcSQRsum ; suml: = SQRsum ;
NuT : = NuT + deltaNuT ;
calcSQRsum ; sum?2 : = SQRsum ;
NuT: = NuT-2 * deltaNuT ;
calcSQRsum ; sum3: = SQRsum ;
NuT: = NuT + deltaNuT ;
while (suml> sum2) or (suml> sum3) do
begin
if Suml> Sum2 then
begin
NuT : = NuT + deltaNuT ;
end ;
f Suml> Sum3 then
begin
NuT : = NuT-deltaNuT ;
end:
CalcSQRsum ; suml : = SQRsum ;
NuT: = NuT + deltaNuT :
calcSQRsum ; sum2: = SQRsum ;



NuT : = NuT-2 * deltaNuT :

calcSQRsum ; sum3: = SQRsum ;

NuT: = NuT + deltaNuT ;

gotoxy (15,21);

writeln (NuT ="', NuT: 14);
end ;

end ;

procedure NuNloop ;
var suml, sum2, sum3, deltaNuN : Nreal;
j: integer;
begin deltaNuN : = abs (NuN/trial/10) ;

CalcSQRsum ; suml : = SQRsum ;
NuN: = NuN + deltaNuN ;
calcSQRsum ; sum2: = SQRsum ;
NuN : = NuN-2 * deltaNuN ;
calcSQRsum ; sum3 : = SQRsum ;
NuN: = NuN + deltaNuN ;

while (suml> sum2) or (suml> sum3) do

begin
if Suml> Sum2 then
begin
NuN : = NuN + deltaNuN ;
end;
if Sunl> Sum3 then
begin
NuN : = NuN—deltaNuN ;
end ;

CalcSQRsum ; suml : = SQRsum ;
NuN: = NuN + deltaNun;
calcSQRsum ; sum2: = SQRsum ;
NuN: = NuN-2 * deltaNuN ;
calcSQRsum ; sum3: = SQRsum ;
NuN : = NuN + deltaNuN ;

gotoxy (15, 21);
writeln (NuN =’, NuN: 14);
end;
end;
procedure printDecayParameters ;

begin

GotoXy (60, 3); write ( NuR ="', NuR: 14);

gotoxy (60, 2) ; write ¢ RHOa0 =’ RHOa0:
gotoXy (60, 4) ; write ( beta =", beta: 14};
gotoxy (60, 4); write ¢ NuT =", NuT: 14)

14);

’



gotoxy (60, 5); write ' NuN =", NuN: 14);

gotoxy (60, 6); write (' NuA ="' NuA: 14);

gotoXY (60, 7); write ( Cd ="', Cd: 14);

gotoxy (60, 8) ; write ( Ca =", Ca: 14):
end;

{ start of main program }
begin

SetInitialValues ;

InitializeGraphics ;

GraphicsOn ;

YLogFrame (t1, t2, Ymin, Ymax, Frame) ;
DrawTicksX (YminFrame/4) ;
DrawTicksYLog (XmaxFrame/40) ;

gotoXY (2, 24) ;

write (min = (, t1: 12, Ymin: 12,"));

gotoxy (45, 24) ;

write (max = (, t2: 12,’,, Ymax: 12, )

set Data2 ;
PlotData ;
for trial: = 1 to 20 do
begin
gotoxy (1, 1) ; write (trial,’/20") ;
t: =1t1;
RHOd: =1;

RHOa: = RHOa0;

while t <t2 do
begin
Intensity : = RHOd ;
gotoxy (60, 2); writeln (I = °’, RHOd : 14);
if (Intensity > YminFrame)
and (intensity < YmaxFrame)
then DotPoint {t, Intensity) ;
CalcNextRHO ;
end;
PrintDecayParameters ;
{ NuRloop; }
NuNloop ;
NuAloop ;
NuTloop ;

end ;

{ show result }
ClearGraphics ;



GraphicsOn ; ClrScr;

YLogFrame (t1, t2, Ymin, Ymax, Frame);
DrawTicksX (YminFrame/4) ;
DrawTicksXLog (XmaxFrame/40) ;

gotoXY (2, 24);

write (min = (, t1: 12,,",Ymin: 12,7));

gotoxy (45, 24) ;

write (max = (, t2: 12,",, Ymax: 12,’)):

PlotData;

t: =1tl;

RHOa: = RHQa0;
while t <t2 do

begin

CalcNextRHO ;

Intensity : = RHOd ;

gotoxy (60, 2) ; writeln (I = ’, Intensity : 14) ;

if (Intensity > YminFrame)
and (intensity < YmaxFrame)
then DotPoint (t, Intensity) ;
end;
PrintDecayParameters ;
gotoxy (60, 10) ;
write (any key to terminate”) ;
repeat until (keypressed) ;
end.



ABSTRACT

A Non-Linear Analysis of Tb®t— Nd®** Energy
Transfer of Electronic Excitation

Kazuhiko Tenooka

A new model for the resonant energy transfer of electronic excitation between energy donors and ener-
gy acceptors has been presented. The model is based on a coupled non-linear rate equation and modified
radial distribution functions of donors and acceptors. A numerical analysis showed that the non-exponental
decay of the fluorescence just after a flash excitation was caused by the non-linear term of the rate equation.
The fluorescence decay curves were examined under the influence of energy transfer from Th® ¥ to Nd® *
in Ca(POy); glasses with resonant energy transfer rate, radiative transition rate and non-radiative transition
rate as parameters. The modified distribution function which included the random distribution and the seg-
regation of donors and acceptors was introdoced to explain Nakazawa's experimental result that the energy
transfer rate depented on the concentration of donors and acceptors. A critical interaction distance of 1.1
nm was obtained for Th® *— Nd® * energy transfer, assuming electric dipole-dipole interaction.
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