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Abstract-If a gate current is smaller than some critical value required for the complete turn-off of an 
anode current in a p+npn +-structure it produces the stationary squeeze of current-conducting region 
(CCR) and increase of the current density in it. The process of squeezing depends on a longitudinal 
conductivity of the controllingp-base which is electrically-connected with the gates. But the conductivity 
along the controlled n-base which is not connected with the gates affects the process of squeezing indirectly 
as well. This effect takes place mainly due to the current bias of a parasitic transistor which is formed 
in a depletion region of the structure and divides the substantial part of the gate current. Calculations 
of the CCR squeeze which take into account base conductivities are described in this work. 

NOTATION 

magnitude of electron charge 
Boltzmann’s constant 
temperature 
= k, T*, temperature in energetic units 

lifetimes of carriers in p,n-bases 
coordinate in plane ofp-n-junction perpendicular 
to device strip 
half-width of device strip 
= y/L dimensionless coordinate 
thicknesses of p, n-bases 
width of CCR 
diffusion lengths in p,n-bases 
transport factors of p,n-bases 
= g../(l - ap8) 
voltage across device 
= ecp/T, dimensionless voltage across device 
potentials in p,n-bases 
= ecp,,/T, dimensionless potentials in p,n-bases 

hole, electron concentrations 
hole, electron mobilities 
=eN p w P.n l7.n p,n* sheet conductivities of p,n-bases 

= a&, 
anode current 
= eJ,1/2u, 7’. dimensionless anode current 

gate current 
gate current components 
= eJ,I/Zu, T, dimensionless gate current 

maximum value of As which maintains state of 
maximum squeezing 
anode, cathode current densities 
mean anode current density 
=i,,&, dimensionless anode and cathode cur- 
rent densities 
= A./A,(A,), thyristor gate gain 

equilibrium concentrations of minority carriers 
is determined by eqn (4) 

= cs,)*/cs.)’ 

1. INTRODUCTION 

With this work we continue to study an effect of the 
stationary squeezing of the current-conducting region 
(CCR) in the p+rzpn+-structure which is in the ON- 
state with the large current. The squeeze of the CCR 
is caused by the gate turning-off current which is 
insufficient to turn off the given anode current J, 
completely. (The current J, is given per unit length of 
the device cathode which is similar to a long strip.) 

The regime of the stationary squeeze of the CCR[ 11 
which can be named as the regime of incomplete 
turn-off (RITO) of the p+npn +-structure can be 
convenient for controllable light-emitting devices in- 
cluding both incoherent light emitters and injection 
lasers. (It was noted in Ref.[Z].) Here we keep all 
assumptions and approximations which were claimed 
in our previous article[3]. Namely, we assume that the 
thicknesses of both middle bases w,,# in the p +npn +- 

structure are small in comparison with the half-width 
1 of the device strip: 

W,? << 1 (1) 

and a low-injection condition is realized in both bases 
for the interesting current and squeeze ranges. That 
is we assume that a linear recombination regime takes 
place. Besides, let us assume that the quasi-one-di- 
mensional approach which was applied in Ref.[3] for 
the calculations of diffusion currents in pn-junctions 
remains valid here. (Of course, this quasi-one-dimen- 
sional approach does not mean one-dimensionality of 
distributions of potentials and current densities which 
are substantially two-dimensional.) 
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But in contrast to Ref.[3] the basic system of two 
continuity equations in the middle bases is solved 
precisely for an arbitrary ratio of longitudinal con- 
ductivities 5 = ~,,/a,, . Here cr, and a,, are sheet con- 
ductivities of the n- and p-bases, respectively; for 
example, 0” = eN& w,, where N,. p, are an electron 
concentration and mobility in the n-base; up can be 
introduced analogously. In the case of very low 
conductivity of the controlled n-base a, in compari- 
son with the conductivity of the controlling p-base up 
(i.e. < << 1) the problem was reduced to a single 
differential equation[3]. 

The system of continuity equations allows us to 
obtain distributions of potentials cp.,(y) in the 
middle bases (y-axis is perpendicular to the device 
strip in the plane of the pn-junction, see Fig. 1). When 
cp,(y) and q*(y) are found we can calculate distri- 
butions of anode and cathode current densities j,( y) 
and i,(y), ]y ] < 1. We assume that the p-base is the 
controlling base with the gate contacts and n-base is 
the controlled base without them (see Fig. 1). 

Distributions of the current densities i,,,(y) are 
inhomogeneous in the RITO: in the middle of the 
device strip ]y] <x, (Fig. 1) the CCR appears. This 
region is in the ON-state and all three pn-junctions 
are forward-biased. The cathode current densityj,( y) 
differs from the anode current density i,(y) by very 
little (i.e. j,( y) -j,(y), for ]y] < x,). It is disrupted at 
the edge of the CCR where a part of the anode 
current divides along the p-base into the gate. It is 
one of the gate current components J8,. Just this 
component determines width 2x, of the CCR and 
current densityja N J,/2x, in it. Current Jg, is formed 
in some intermediate region. In this region the for- 
ward bias of the middle junction 2 at first and the 
forward bias of the cathode junction 1 afterwards are 
changed by reverse biases. Therefore current JgI flows 
into the gate along the channel which is insulated by 
depletion layers of the reverse-biased junctions 1 and 
2 on both sides. The anode junction 3 continues to 
stay in the forward-biased state everywhere. Together 
with the reverse-biased junction 2 it forms a p +np- 
transistor outside the CCR. The collector current of 
this transistor is the second component of the gate 
current JBz. The component Jgz is a parasitic one since 
it does not control the CCR squeeze directly in 
contrast to Jg, . In the case 5 = 0 the above mentioned 
parasitic p +np-transistor (PT) operates with zero 
base current which is in a floating base regime. But 

n’-cathode 
0 CCR + 1 Y 

^, 

z,i3 ’ p--mode’ 

Fig. I. Division of the current in thep +npn +-structure in the 
RITO. The right half of the device strip is shown. 

if the controlled base conductivity a, is distinct from 
zero the CCR biases the PT by the base current and 
the component Jg2 is increased as a result of this bias. 
Since the squeezing of the CCR is determined by the 
component Jg, only, the appearance and increasing of 
the component Jgz results in the rise of the summary 
value Jg = Jg, + Je at the same squeezing. Therefore 
the efficiency of squeeze control becomes worse. This 
is a qualitative nature of the influence of the n-base 
conductivity which is taken into account in this work. 

2. EQUATIONS AND TRANSFORMATIONS 

The above mentioned system of two equations 
which describes the distributions of base potentials 
rp,(y) and q,(y) in the p +npn +-structure can be 
written in the following form[3]: 

+ BXl + r,)eP -$* - y,eV*a), (2) 

where 

J/ =ecplT, I(/p,n=e~p.nlT, et=@--1; 

s:= 
e*D@‘n e2D(“)po 
-&%h$, p;=-&th$ 

P P P P n ” 

A_- a, 
YP= 1 _ap’ yn=j-q-- (4) 

Here aP = I/ch(w,/L,), a,, = l/ch(w,/L,) are trans- 
port factors of the p,n-bases, rp is the voltage across 
the device, Dip) and DF) are diffusion coefficients of 
minority carriers (respectively, electrons in the p-base 
and holes in the n-base); L,,, L, are diffusion lengths 
and po, no are equilibrium concentrations of minority 
carriers, T is a temperature in energetic units (i.e. 
T = k, T* where ks is Boltzmann’s constant and T* 
is a temperature in conventional units which is equal 
to 300 K for ail our calculations). We assume a 
low-level injection in both bases here. 

Equations (2) and (3) have to be solved with 
boundary conditions: 

=,= -Jr (5) 

We suppose the currents of both gates are equal in 
magnitude. The voltage across the device cp is found 
from a condition of the given anode current 
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(6) 

or 

J, = 
20 T 
-&!, ‘dy((l +y,,)et-~n-y,e~-“~). 

e I 0 

The drawback of the system (2), (3) is that it takes 
into account only diffusion currents across the pn- 
junctions and neglects generation inside the depletion 
layers. Therefore this system is correct when diffusion 
currents predominate over the others overwhelm- 
ingly. In particular this takes place in the ON-state 
when all pn-junctions are forward-biased. So we can 
replace everywhere in eqns (2) (3) and (6) ef by eel, 
where pi = IL,, tip - +,, or $ - $. . If the forward 
voltage across the anode junction 3 is sufficiently 
large, this approximation is valid when only this 
junction is forward-biased and two others are reverse- 
biased. 

Let us introduce new dimensionless variables and 
parameters: q = y/l, Aa = eJ,i/2a, T, Ag = eJ,lla, T, 
K* = /3:/b:. Then instead of eqns (2), (3) (5), (6) we 
obtain: 

d*& 
&?= 

Aa 
rc2(e~+e~-@~)+(1+y,)e~-+n-ynef-*n 

s 

I 
dq((l +y,)el-tin-y,ep-*n) 

0 

(7) 

_&= 
dr1* 

A rc*((l +y,)e~-~‘-yy,e~)+e~-‘n+et-~n 
a 

s 

I 
dq((l + yn)ef-tin - y,,eP -@n) 

0 

(8) 

f 

I 

~.=MJ)* dtl((l + y.)et-+” - y,,epetin), (9) 
0 

[ 1 $ 
dit +=- 

A,, 

The potentials $, $,(q), $,(q) and dimensionless 
current densities J.,(q) =j,(q)/i, J.,(q) =i,(r~)/i 
which are determined by these potentials can be 
specified by giving two current parameters AB and Ar 
and five device parameters yp, y., C, rc*, (&I)*. (In the 
above we have introduced a mean anode current 
density A .) If we replace et by eei everywhere in the 
right-hand sides of eqns (7) and (8) (i.e. we neglect 
thermal generation) we can consider only two vari- 
ables IJ?~,(~I) - r+Q and G,,(q) instead of the three un- 
known ones Jl,(q), r&,(s) and +. Then the condition 
(9) can be omitted when dimensionless current den- 
sities n,(q) and &l,(q) are sought. These current 
density distributions depend on four device par- 
ameters only: yp, y,, C, K*. (Let us note again that it 
is correct not only in the case when all three exponen- 

tial terms on the right-hand sides of eqns (7) and (8) 
are large in comparison with 1, but also in the case 
when only two of them are large: exp(J/ - IL.), 

exp(Ij/,)>> 1 and sometimes it is sufficient 
exp( $ - JI >> 1). Therefore it is enough to use only the 
four above-mentioned parameters in most of actual 
cases. The parameter (&I)* is required for separation 
of all potentials. 

3. PROCEDURES AND APPROXIMATIONS 

Systems (7), (8) can be simplified substantially in 
two limit idealized cases: r = 0 and 5 = co which are 
most convenient for comparison with realistic situ- 
ations. If 5 = 0 we can equate the right-hand side of 
eqn (8) to zero and express $. in terms of $ and JI,. 
After this eqn (7) can be integrated in quadratures. 
This important particular case was considered in 
Ref.[3]. When r = co we obtain from eqn (8): 

$. = const. (11) 

To calculate this constant we have to use a con- 
dition of equality of total currents through the junc- 
tions 2 and 3; this is 

s 

I 
drI(e~-tin+e~-@n+rc2((1 +y,) 

0 

xep-+n-y,ep))=O. (12) 

If replacement eti -+ e” is justified we can immedi- 
ately obtain from eqn (12) 

e-*‘. = y*K*e% 

e@ + (1 + ~~(1 + y,))ex’ 
(13) 

where bars over the letters mean averaging over the 
segment (0, 1). Thus we obtain for r = co (as for 
5 = 0) the single eqn (7) which can be integrated in 
quadratures. 

We are not going to consider integrals of eqn (7) 
for < = co thoroughly, but let us pay attention to a 
single detail. The anode current density n,(q) is 
proportional to 

(1 +y,)ef-*n-y n ep-“n 

(see an integrand in eqn (9)). The potential difference 
I(/ - $. is independent of q in this case. So the larger 
the forward bias of the middle junction 2 (that is 
$+,(q) - I(I,), the smaller anode current density 1,(q). 
If Jl,(n) decreases monotonically with r~, the current 
density n,(q) does not decrease monotonically (as for 
r = 0), but on the contrary it increases. That is in the 
PT-region n,(q) is greater than in the CCR. 

For the arbitrary < we use the following procedure 
of solution of eqns (7) and (8). Distributions 
J/,(Q to), $( To) for to < { are used as an initial (zero) 
approximation. They are substituted in the right- 
hand side of eqn (8), and this equation is integrated 
numerically with the boundary conditions 

dti, /dg Ir = 0.1 = 0. The new solution $,(q) is substi- 
tuted in the right-hand side of eqn (7). Numerical 
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Fig. 2. Anode current distributions I,(q) for the model A; &I = 1; 1-t = 0; 2-t = I; 3-t = 3; 
4-t = 10; 5-t = 15; a,-A, = 32; b,-A, = 24; c;-A, = 14. 

integration of it gives the next approximation tip,,(q). be multistage as a rule, that is a few intermediate 
This self-consistent procedure is repeated until the values of <,, are used. As we can see later, the final 
given precision is achieved. After every integration of distribution deviates from the distribution for 5 = 0 
eqns (7) or (8), + is corrected according to eqn (9). If significantly. 
l is small (c < l), the case to = 0 is considered as an Since the main goal of this work is to study the 
initial approximation. But for a large l (and large y,, effect of the controlled base conductivity on inhomo- 
Ja in particular) transition from <,, = 0 is required to geneous distributions of the current densities, we 

Fig. 3. The same as in Fig. 2 for the model B. 1-t = 0; 2-c = 1; 3-c = 3; 4---t: = 5; 5-t = 7; 
6-t = 10; 7-t = 15; ai-A, = 120; bi-A, = 55. 
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Fig. 4. The same as in Fig. 2 for the model C. 1-t = 0; 2-t = 0.5; 3-l = 1; 4-c = 2; 5-t = 3; 
6-t = 4; 7-t = 5; 8-t = 7; 9-c = 10; a,-& = 60; hi-A, = 42. 

present three collections (< from 0 to 10 + 15) of the 
anode current density distributions for three sets of 
parameters A, B and C (see Figs 2-4, respectively). 
Further, these model examples of the device struc- 
tures are called-“models A, B, C”. Each model is 
given by a set of parameters y,, y,, JC* (see Table 1). 
We consider a single value of the current Aa for each 
of them and two of three values of the current As. A, 
is selected to demonstrate the effect of gate control 
clearly and As corresponds to different stages of the 
CCR-squeeze. The indirect parameters from Table 1 
correspond to the different real parameters of ma- 
terial and structure. As far as the effect of squeezing 
is of interest for the design of controllable light-emit- 
ting devices, we give the examples of such real 
parameters of pnpn- and npnp-structures based on 
GaAs. Two possible sets of parameters for models A, 
B, C are given in Table 2. One of these sets relates to 
pnpn -structures with controlling p-base and con- 
trolled n-base (as assumed everywhere in the article) 
and another relates to npnp-structures with con- 
trolling n-base and controlled p-base which could be 
more convenient for the design of gate-controlled 
light-emitting devices. Parameter (/?,l)’ = K*( fl”/)* 
which determines the contribution of thermal gener- 
ation currents is equal to 1 in all these cases. It is a 
very large value. The role of this parameter will be 

discussed below. Let us note that the neglect of 
thermal generation leads to a nonphysical increase of 
the potential p,(y) at large y (see Ref.[3]). 

One can see from Table 1, that K* is always 
assumed to be small. We suppose in all the cases a 
strong inequality yp>>yn, that is the controlling base 
is narrow (w,/L, < 1) and the controlled base is wide 
(w,/L,, > 1). Three couples of values 7, and yn provide 
noticeable variation of the so-called thyristor gate 
gain Kg = I$,//\~(&,), where A,&) designates a 
maximum value of As, which maintains state of 
maximum squeezing of the CCR. Any other exceed- 
ing A, over A,(A,) causes sharp increase of the 
voltage across the structure (and the gate turn-off in 
real circuit conditions). 

For { = 0 we have 

K =Yp(l +Y.) 
8 rpr. - 1 

(14) 

according to the estimate in Ref.[3]. The maximum 
value of Kg = 56 corresponds to the model A and we 
see from Fig. 2 that the largest current A. is con- 
trolled by smallest values of AB, but large KS causes 
a border broadening of the CCR. An analogous 
result was obtained in Ref.[3]. 

Table 1. Set of dimensionless parameters used in the model structures 

Model Y. W-IL. Y. W.lL. K2 A. 

A 10.0 0.4436 0.12 2.924 0.01 2500.0 
B 10.0 0.4436 0.3 2.146 0.01 10QO.O 
C 3.0 0.7954 1.0 1.317 0.1 500.0 
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Table 2. Examples of real parameters of material and structure for model structures 

A A B B C C 
Units PnPn nPnP PnPn nPnP PnPn nPnP 

ND cm-’ 10’8 10’8 3 x 10’8 IO” 3 x 10’8 3 x IO” 
rY’ cm2V-‘s-’ 3000 3000 2000 5200 2000 4000 
D’P’ n cm2 s-’ 
?P s 2 x:“oP 

78 135 
8 x IO-” I.2 x’:ow IO-‘0 I.2 x’:o-ll I.2 :Yo-lo 

LP pm 0.4 0.8 0.26 I.2 0.26 I.1 
W’ P 

10-‘Pbmhm-’ 
0.18 2.4 0.12 2.5 0.2 1.4 

UP 5.4 72 7.9 IO 13.2 15.4 

*. cm-’ 2 x IO’” 10’8 3 x IO’5 10’8 2 x IO’6 IO’” 
r!’ &V-l-’ 300 170 350 170 300 170 
DC”) 

P cm’s-’ 7.8 4.4 9.1 4.4 7.8 4.4 

7” S 10-q 2 x lo-” 3 x 10--q 2 x lo-” 10~~9 2 x lo-” 
L” pm 0.9 0.09 1.6 0.09 0.9 0.09 
W” 

10-‘PGm-’ 
2.6 0.04 3.4 0.04 1.2 0.07 

0” 26 20 IO 20 I2 36 

5 1 5 3.6 I 0.5 I 0.4 

4. RESULTS AND DISCUSSION 

Let us consider some conclusions which can be 
drawn from an analysis of the distributions n,(q). 

(1) An effect of increasing 5 consists in a broaden- 
ing of the border between the CCR and the depletion 
region (or the m-region). This border broadens in a 
direction of the PT especially. The current density in 
a homogeneous part of the CCR diminishes simul- 
taneously. The cause of the border broadening is an 
additional current bias of the PT. This current bias 
causes an increase of the parasitic component of the 
gate current Jti. If the total gate current Jg = Jg, + Jg2 
is fixed it leads to decrease of the component Jg, and 
decrease of the current density in the CCR together 
with broadening of this region (to save J, = const). 

(2) Increase of r (and therefore the component Jg2) 
induces increase of the maximum stationary current 
A,(&) since the squeeze of the CCR is determined 
by the component JBI only. 

(3) The greater A, for the given Aa the more the 
effect of the conductivity u, and the parameter 5. It 
is due to the superlinear increase of the current 
density in the quasihomogeneous CCR with A9. (Let 
us remind ourselves that for 5 = 0, the current density 
in this region is proportional to Ji-see Ref.[3]). 
Therefore, increase of the value A, leads to the faster 
increase of the current bias of the PT and the 
component Jg , respectively. In other words there is 
a redistribution of the current Jg between Jg, and Jg2 
on behalf of JBz. This causes the more substantial 
contribution of the controlled base conductivity cr, 
for larger values of As. 

(4) The greater 7” (that is the greater current gain 
for the common-emitter circuit) the more substantial 
effect of the parameter r for the same other par- 
ameters. That is why the controlled base has to be 
sufficiently wide and most of the recombination and 
light emission has to be concentrated in this base. 

(5) Figure 5 shows the distributions of the base 
potentials $,(t]) and $,(q) for different values of < in 
the model A. For 5 = 0, increase of the potential $, 
for increasing t] is restricted by the value of floating 

potential in the insulated base of the PT. This value 
is determined by the level of carrier thermal gener- 
ation in both bases of the structure. The variation of 
a parameter (/I, 2)’ = K 2( /I,, /)’ allows us to vary the 
thermal generation level. This level determines 5, 
which influences the distributions ‘ppc and n,(q) 
noticeably. The distributions n,(q) for different (j?,1)2 
are shown in Fig. 6. 

(6) Most of the distributions n,(q) demonstrate a 
monotone decrease with r]. Such behaviour is typical 
for the distributions from Figs 2-4, 6, but some of 
them demonstrate an increase of 1, near rl = 1 (see, 
for example, curves ag and b9 in Fig. 4). They take 
place for very large values of 5 > 10 and compara- 
tively small &. This behaviour is a reminder of the 
above described distribution n,(q) for 5 = co. In this 
case we have an increase of A,(q) near r~ = 1 instead 
of a monotone decrease. 

5. CONCLUSION 

The procedure which has been accomplished here 
is based substantially on assumptions (1). They are 
satisfied with a large reserve in most of the im- 
plemented designs of light-emitting and lasing thyris- 
tor-like switches (see, for example Refs[4-81). Due to 
the condition (1) we can substantially reduce the 
two-dimensional problem of carrier concentration 
and potential distribution in the gate-controlled 
thyristor-like structure to the system of ordinary 
differential eqns (2) and (3). The solution of this 
system for arbitrary values of r is the main difficulty 
which is surmounted in this work. 

We have shown that an increase of the longitudinal 
conductivity along the controlled base does not influ- 
ence the CCR squeezing substantially if it does not 
exceed the conductivity along the controlling base, 
that is if { does not exceed 1. The value of yn, which 
is determined by the recombination in the controlled 
base, must not be too large (it must not exceed 1). In 
all these cases a negative effect of increasing < can be 
compensated for by an increase of the gate current Jg . 
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Fig. 5. Distributions of the potentials tip, $, and r(l for the model A; &l = 1; Ar= 14; 1-t = 0; 
2-t = 0.01; 3-t = 0.1; 4-t = 0.25; 5-t = 0.5; 6-t = 1; 1-t = 3; 8-t = I; 9-c = 10; 

10-t = IS. 

Of course, this compensation decreases the efficiency icals. The turn-on and turn-off of light emission in 
of the gate control (in the case of gate current some of them are performed with the help of gate 
modulation of light emission) in comparison with the currents in one of the bases[4-71 and even in both 
ideal situation r = 0. bases[8], that is they are gate-controlled light 

Until now a lot of designs of thyristor-like light- switches. Evidently the above described RITO can be 
emitting structures have been described in period- realized in each of these devices. In this regime, 

Fig. 6. The same as in Fig. 2 for the model A with Ar = 32 and different values of,9 I; 
3-t = 3; 4-t = 10; a,-@ = 0.5; b,-&I = 1; c,-&I = 4. 

1-t = 0; 2-t = 1; 
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light-emission is controlled by the gate current. The 
opportunity to turn on and off laser generation in the 
laser diodes with the help of the gate current variation 
only could be very important. 

Acknowledgemenrs-The authors thank the Ukrainian 
Foundation of Fundamental Researches for partial support 
of this work. 

An experimental implementation of the RITO for 
light-emitting thyristor-like structures could accom- 
plish effective double modulation, which is very at- 
tractive both in the incoherent light-emitting devices 
and in laser diodes especially[9]. 

The above presented results are the first ones in this 
field and therefore they are not free from a number 
of simplifying assumptions. Of course for a more 
detailed theory we need to reject the low-level injec- 
tion assumption (especially in the controlled n-bases). 
Taking into account the applied nature of the effect, 
one has to turn from calculations ofpnpn-homostruc- 
tures to heterostructures, since all modem light-emit- 
ting devices are heterostructural ones. In the above, 
we use assumptions (1) which allow us to simplify the 
calculations. But these assumptions being valid for all 
implemented realizations of light-emitting thyristor- 
like switches are apparently not optimum. It will 
probably be necessary to use substantially two- 
dimensional numerical calculations (similar to the 
ones that are only justified in power GTO-thyris- 
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6. 
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10. 

tors-see, for example Refs[ 10,111). II. 
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