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A research on ternary fission of Al, Ti, Co, and Zr nuclei
induced by bremsstrahlung photons of 0.8, 1.0, 1.4, and
1.8 GeV end-point energies has been carried out using
makrofol polycarbonate and CR-39 polymer as fission-track
detectors. Thick target metal foils were used in contact
with the plastic detectors. From the observation and
analysis of double divergent, etched fission tracks from
a common point inside the target the number of events of
ternary fission has been evaluated. Absolute mean cross
sections per photon of ternary fission in the range
0.8-1.8 GeV have been obtained as 0.3±0.7, 1.7±1.5,
0.5:0.5, and 34lub, respectively, for Al, Ti, Co, and Zr
nuclei. A probability of ternary fission of ^ 10"'* has
been deduced. Results are discussed and compared with
other ternary, fission data.

PACS; 25.85.Jg ; 25.90.+k

Key-words: Ternary fission; Al, Ti, Co, Zr natural targets;

0.8-1.8 GeV bremsstrahlung; Makrofol detector; CR-39 detector;

Photofiesion.
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1. Introduction

Ternary fission, the decay process by which a nucleus

breaks-up into three fragments of comparable masses, has shown

to be a rare nuclear decay mode as compared with ordinary, binary

fission mode. Ternary fission has been investigated mostly for

medium-weight and heavy nuclei excited by high-energy protons as

incident particles [1-13]. Several papers have reported ternary

fission yields and/or angular, energy, and mass distributions of

fragments in the bombardment of nuclei of A > 200 by intermediate-

-energy pions and antiprotons [14,15], as well as deuteron-,

alpha-particle-, nitrogen-, argon-, iron-, kripton-, and xenon-

-icn beams of different energies in the range 0.23-29 GeV [16-26].

Most experiments on ternary fission have been carried

out by using the solid state nuclear track detection method

through mica and makrofol sandwiches (see, for instance, Refs.

[3,6,12-14,18,19,25]). An alternative arrangement frequently used

is the 2TT-forward geometry with polycarbonates, cellulose nitrates,

and muscovite mica as fission-track detectors [17,21,23,24].

Uranium-loaded nuclear-track emulsion was the detection method

used by de Carvalho and Schechter [7] in ternary fission exper-

iments with high-energy incident protons. The technique known as

"hole detector" in a mica surface has been introduced by Vater

and Brandt [20] in a study of ternary fission of uranium induced

by 414 MeV argon-ions. Fleischer et al. [16] were successful in

detecting for the first time events of ternary fission by

bombardment of 414-MeV argon-ions in a thorite crystal which

served both as target and detector. Investigations on ternary

fission of heavy nuclei induced by thermal neutrons were conducted
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by Muga and co-workers [27,28] who used" a system of three fission-

-fragment detectors in coincidence. Also, radiochcmical methods

were used in many experiments to show the existence of ternary

fission as, for instance, the results by Iyer and Cobble [29]

238

when U was bombarded with 39-MeV alpha-particle beams.

From the theoretical point of view, Muzychka et al. [30]

have considered the "cascade fission" as a possible mechanism for

ternary fission, and Diehl and Greiner [31] developed a direct

ternary fission model (an extension of the liquid drop model)

according to which the nucleus can undergo prolate and oblate

ternary fission. A review >to early works with detailed discussions

on both experimental methods and theoretical aspects on this sub-

ject can be found in Ref. [32] .

Only a few works, however, have been carried out on

ternary fission of nuclei induced by photons as incident particles.

Medveczky et al. [33] and Medveczky and Somogyi [34] published in

1970 the results of their investigations on ternary photofission

of Th, °U, and J Pu induced by 27.5-MeV bremsstrahlung. The

events were detected by using sandwiches made of solid state nuclear

track detectors of different sensitivity (plastics and mica) so

making it possible to distinguish between symmetrical and asymme-

trical ternary fission events. More recently, Pinheiro Filho [35]

reported the observation of ternary fission events recorded on

nuclear-track emulsion plates which had been exposed to bremss-

trahlung of maximum energies in the range 1-6 GeV. It was shown that

these events wore produced by the interaction of high-energy incoming

photons with Ag and Br nuclei of the emulsion.

The scope of the present work is to contributo to now datn
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by investigating the ternary fission of Al, Ti, Co, and Zr nuclei

induced by 0.8-1.8 GeV bremsstrahlung photons. The experiment,

which involved thick metal foils of these elements in a 2it-forward

geometry with CR-39 and makrofol track detectors,.has given, among

other etched tracks, double divergent tracks from a point inside

the target materials. These events may be related to the occurrence

of ternary fission. Based on the fission mechanism and track

registration properties of the detectors used, the methods to

ascertain and to discriminate ternary fission events against other

types of events have been established, thus making it possible to

evaluate the ternary fission cross sections and fissilities. The

present work reports part of the results of a systematic research

on fission of light- and medium-weight nuclei induced by inter-

mediate-energy photons. Results of the binary fission studies

have been reported elsewhere [36-39].

2. Experimental Procedure

The experiment consisted firstly of stacking thick metal

foils of aluminum and titanium target elements, each facing a
*

plate of ^ 1 mm thick CR-39 polymer track detector (2Tr-forward

geometry) and, similarly, cobalt and zirconium target elements

placed in contact with sheets of 100 \m thick makrofol polycar-

bonate track detectors. The stacks were exposed perpendicularly

to high-intensity bremsstrahlung beams of 0.8, 1.0, 1.4, and

Allyl diglicol carbonate polymer by American Acrylics & Plastics, Inc.
j.(Stratford, Conn., USA).
Makrofol N, Auftr.ij; 901)0.! (0.7 K>;) by Haycr AG (Gi-rmany).
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1.8 GoV end-point energies at the Bonn" 2.5-GeV Elektronen Synchro-

12 13
tron with typical photon doses in the range 10 -10 equivalent

2

quanta/cm measured by a quantameter.

In order to make fission tracks visible for track ana-

lysis under an optical microscope the CR-39 plates were submitted

later to a 6.25 N NaOH etching at 60 C during two or three periods

of 1 h each without stirring. Under these conditions, a bulk etch

rate v^ = 0.5±0.1 pm/h was obtained by measuring the thickness

of material removed by etching with time. In the case of makrofol

sheets an identical etching solution was used, this time at 70 C

during three periods of 20 min each. By the same method as for

CR-39 plates, a bulk etch rate v Q = 1.9±0.1 ym/h was obtained.

The scanning of the detector surfaces and the measure-

ments or the geometrical quantities ot etciieü tracks were carried

out by using an Olympus CB213 microscope fitted out with oculars

of 10X and a dry objetive of 60X magnification. Calibrated eye-

-pieces allowed for determination of the scanning areas and track-

s-length measurements.

2.1. Ternary Fission Events

Under the conditions of the present experiment a large

number of single tracks has been observed the origin of which is due to

binary fission events, nuclear recoils, background particles, and

others. The binary fission tracks were previously identified, and

the number of such tracks allowed the determination of photo-

fission cross sections already reported [36—381. In addition, a

small, but non negligible, number of double divergent fission

tracks from a common point insido the target material has been
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also recognized in subsequent analyses of the plates. These events

may be considered as strongly indicative of being due to ternary

fissions andrtherefore, a careful analysis of such events proceeded.

The identification of ternary fission events has been done based

on the simplified assumption that the excited fissioning nucleus

is at rest, and that the ternary fission mode is the symmetrical

one, i.e., equal masses and kinetic energies of fragments, and

angles of 120 between fragment trajectories which, in this case,

lie on a same plane.

In order to get a ternary fission event recorded and

recognized it is necessary to have two of the fragments entering

the detector, and the fragment trajectory having the smallest dip

angle should become visible at the microscope after etching (Fig.

1-a) . This dip angle must be in the range <i> —30 , which results

from the assumption of symmetrical nuclear break-up and the limit-

ations imposed by the critical angle of incidence for fragment

detection, <f> . Besides, a minimum etched track length, Ç , is

required in order to make observation of tracks possible.

The differentiation between events originated by true

ternary fissions and other types of double events has been

achieved by fitting the measured quantities of a two-pronged event

to the following limiting criteria: i) the upper value for the

angle 8 indicated in Fig. 1-a should be given by

6 í arcsin(4cos2<|>c - 3 )
1 / 2 , $c í 30° ; (1)

ii) the maximum distance dQ between double, divergent etched tracks

(Fig. 1-b) should be given by

dQ » d - 2b , (2)
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where

r) /Ro]" ( 2 v G + C

b =vGt(l - sin<.c/sin0)/sin(<{>-(í>c) . (4)

Equation (4) is the one reported by Fleischer et al. [40] in their

analysis of track-etch geometry applied to a track tilted at an

angle 4> measured from the detector surface, where t is the etching

time. In (3), a» and RQ denote the full residual ranges, respect-

ively, in the target and detector materials of a typical nuclear

fragment of a ternary fission event. Based on the cascade-evapor-

ation model developed by Barashenkov et al. [41] to describe the

interaction of intermediate-energy photons with complex nuclei it

has been possible to estimate the charge, mass, and kinetic energy

of typical ternary fission fragments for the target nuclei under

study. Hence, from energy-loss rate curves constructed for these

fragments in both target and detector materials, values of aQ and

RQ have been evaluated. To give an example, afl z 4.5 vm and RQ z

7.2 pm for the case of titanium target and CR-39 detector. The

other quantities appearing in (3) and (4) resulted as C z 0.7 vm

and (J> s 6 . Finally, the location of the origin point of a doublec

divergent event, the angle between tracks, as well as the angle

between the projected tracks on the detector surface have been

considered as additional parameters of identification of a true

ternary fission event.

2 .2 . Ternary F i s s i o n Yield

The t e r n a r y f i s s i o n y i r ; ld , i . e . , the erotic s e c t i o n per
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equivalent quantum aQ at an end-point energy En, i s obtained by

I , (5)
\l c a

where N is the number of true ternary fission events identified

per unit area, Q is the number of equivalent photons incident on

the target-detector stacks per unit area, and N is the "effective"

number of target nuclei of the thick sample per unit area, i.e.,

the number of target nuclei which contribute effectively to the

observed number of ternary fission events. N is related to the

"effective thickness", x ^, by

N a = (PNQ/M)xef , (6)

where p is the density of the sample material (g/cm ), N_ is

Avogadro's number, and M is the atomic weight (g). The evaluation

of x , has been done based on Fig. 1-a. Accordingly, for the

branch "a" (fragment trajectory with smallest dip angle) it can

be shown that the target thickness x within which ternary fissions

contribute to double divergent tracks is given by

xa(a,6) = aor<R0-Cr)sinacos3 - Vgtl /RQ , (7)

while for the branch "b" (fragment trajectory with greatest dip

angle) it is

(8)

The effective thickness is then obtained by taking the average

value of x, within the limits allowed for a and 8, i.e.,
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rv/2 f<|>
x , = 3/(AaAB) c x ia,0)dadB , (9)
e t J 0 Jit/6 a

where the factor 3 adds up the contributions coming from the three

fragments. The evaluation of x - was considered in detail in Refs.

[42,43] which the reader is referred to.

3. Results and Discussion

Table 1 summarizes the main data from which the ternary

fission yields (last column) have been obtained. Errors indicated

are statistical ones. It is remarked on the very low values obtained

for the yield of ternary fission induced by intermediate-energy

photons in Al, Ti, Co, and Zr nuclei (order of units of lib or less).

It is noted that, for the etching times indicated in Table 1, the

effective thicknesses obtained whenever CR-39 has been used as

detector appear to be about one order of magnitude greater than

the effective thicknesses obtained in the cases of makrofol detec-

tor. This result is a clear indication of the superior degree of

sensitivity to track registration of CR-39 when compared with

makrofol.

In bremsstrahlung-induced reactions the measured yields

(oQ) represent the sum of the contributions to a particular type

of event due to all photons of the bremsstrahlung spectrum of

maxinum energy E Q. This is expressed by the relationship

fE0W " Jo °(k)n(k,E0)dk , (10)

where o(k) i s the cross sect ion "per photon" at photon energy k,
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and n(k,Efl)dk is the number of photons in the energy interval dk;

n(k,E~) is the bremsstrahlung spectrum normalized to 1 equivalent

photon. Taking the commonly used 1/k approximation for bremss-

trahlung spectra produced by intermediate-energy electrons on thin

radiators, i.e., n(k,EQ) = 1/k for k - EQ, and assuming z (k)

constant within a small energy range, Eq. (10) can be easily

handled to give the absolute cross section as

Therefore, it suffices to calculate the slope of the curve o- =

f(lnEQ) in order to obtain o. In Fig. 2 we have plotted the ter-

nary fission yields of Al, Ti, Co, and Zr target nuclei as a

function of lnEQ. Since we have only a few measured yields in

the EQ-range considered,the linear dependence of o_ with lnEQ

is the most appropriate one to fit the yield data. Some points

(those enclosed by parentheses in Fig. 2) show to be far from the

expected increasing trend defined by the remaining points. This

might be caused by some systematic errors the origin of which

has been not easy to identify. By using the standard least-squares

analysis, and rejecting the disaligned points, the absolute mean

cross sections per photon in the range 0.8-1.8 GeV (the slopes of

the straight lines of Fig. 2) have been obtained. Results are

presented in Table 2 (third column) and they can be compared with

binary fission data (second column) obtained for the sane nuclei.

Apart from large errors, which are due to mainly poor statistics,

the ratio of ternary to binary fission cross sections (fourth

column) has shown to increase with the increasing of mass number

of nuclei under study.
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Tho data available enable us to infer considerations

about the probability of ternary fission (nuclear fissility of

the ternary fission mode). This can be estimated by calculating

the ratio f = CJ/O of mean ternary fission cross section (o) to

mean total nuclear photoabsorption cross section (ut). For

0.8-1.8 GeV photons, "õ. has been evaluated by a simple model of

nuclear photoabsorption according to which a. = A <T w. 6 = 180A pb,

where A denotes the mass number, õ - is the mean total cross

section for absorption of 0.8-1.8 GeV photons by a single nucleon

[44], and 6 is a factor which takes into account the screening

effects caused by the nuclear surface [45,46] . Moreover, the

quantity a has been corrected for the nucleon Fermi momentum

distribution within the nucleus. Table 2 lists mean values of

fissility of the ternary fission mode so obtained (last column).

Mean values of nuclear fissility of the binary fission mode from

our previous work are also shown (fifth column) to allow a direct

comparison. For the nuclei considered in the present work, and

within the large experimental errors reported, results lead to the

conclusion that ternary fission is a very rare de-éxciting mode

after absorption of intermediate-energy photons by the nucleus.

In fact, as reported in Table 2, the probability of ternary fission

of Al, Ti, Co, and Zr nuclei amounts to ̂  10 only, and seems to

be independent of mass number. This result agrees with the data

obtained by Pinheiro Filho 135] for Ag,Br nuclei of nuclear-track

emulsions exposed to bremsstrahlung photons in the range 1.0-1.8 GeV.

• — 4From his work a probability of ternary fission of ̂  10 has been

also infered (from Ref. [35] we calculate a mean absolute cross

section ~ s 2 vib, which can be compared with data of Table 2) .
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A comparative study of the results of the present work

with other ternary fission data which have been obtained in differ-

ent irradiation conditions is presented in Fig. 3 where we chose

to represent the ratio of ternary to binary fission cross sections,

2

o_/on, as a function of parameter Z /A of the system projectile

plus target nucleus. As a general remark, whatever reaction we

consider, binary fission always predominates over ternary fission.

For the reactions selected to Fig. 3, the ratio Om/° B lies in the

range ^ 10 -10~ , and shows to vary markedly either with Z /A or

energy of the incident particle. For the reactions studied in the

present work, and within the large uncertainties referred, results

indicate an increasing of the ratio ° T/° B by about two orders of

magnitude in going from Al to Zr (filled circles). The result

represented by a cross (1.0-1.8 GeV photons on Ag, Br nuclei)

suggests that the quoted value for Zr may be overestimated. It is

not improbable, in fact, that the value of the ratio o./o for Zr

may be smaller than the quoted figure. With this observation in mind,

and looking at the general trend exhibited by each set of experimen-

tal points, most data in Fig. 3 show that, for a given incident

projectile of fixed energy, the frequency of ternary fission relative

to binary fission increases as one goes towards intermediate-mass

target nuclei. An exception is clearly noted, however, in the case
40

of the reactions induced by 305-MeV Ar-ions in U, Th, Bi, and

Au target nuclei as reported in Ref. [17] (open squares). Apart

from these data points, Fig. 3 seems to indicate the existence of

a broad maximum for o,_/o_-ratio the width of which may be as large
2

as 15 < Z /A < 30, which is a range where medium-weight nuclei

are located. Of course/ a number of new, additional experimental
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data arc required to allow for a more refined analysis which will

o
lead to a relation between oT/oB and Z /A with a degree of

confidence considerably better than that obtained here from a

relatively small number of experimental results. Phenomenological

and/or theoretical considerations on this subject must also be

developed in order to understand the process of ternary fission

induced by intermediate and high-energy photons, particles, and

complex ions.

4» Summary and Conclusions

Although a number of investigations on ternary fission

of nuclei have been undertaken during the last twenty years or so,

most data have been essentially obtained for intermediate- and

high-energy particles and/or complex ions. Studies on ternary

fission induced by photons as incident particles are still very

scanty. Therefore, we decided to contribute to new data by re-

analysing some CR-39 and makrofol plates of a previous photo-

fission experiment by us to search for ternary fission events in

Al, Ti, Co, and Zr nuclei. Targets and detectors were arranged in

a 2T-forward geometry. A careful analysis of etched tracks on

these plates has shown the presence of double divergent tracks

from a common point inside the target material, thus indicating

the possibility of occurrence of ternary fission events in the

nuclei considered. Based on track-etch-geometry and registration

properties of the detectors the methods and criteria to ascertain

and discriminate trur? ternary fission events from other types of

event» were ostnblinhod. In addition, sinco thick tnrgots wore
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used in the experiment, it was necessary to develop a method of

evaluating the effective number of target nuclei which contributes

to recorded events (effective target thickness). These two steps

made it possible to determine the mean values of cross sections

and fissilities of ternary fission of Al, Ti, Co and Zr nuclei

by photons in the energy range 0.8-1.8 GeV. Cross sections resulted

to be of order of units of yb or less, and a probability of ternary

fission of ̂  10~ was obtained. These results agree with data ob-

tained from the interaction of 1.0-1.8 GeV photons with Ag, Br

nuclei. Although uncertainties are large, data of the present work

indicate that the ratio of ternary to binary fission cross sections

|o_/on) varies from ̂  10" to ̂  10~ as one goes from Al to Zr. A

comparative study on a number of 0_/cB-values from different

combinations of target nuclei and incident particles and energies

as well seems to indicate that a T/
a
B increases towards the inter-

mediate-mass region of target nuclei. New experimental results in

this line are called for to make many aspects of the physics of

ternary fission of nuclei clear.
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Figurc Captions

Fig» 1. a - Schemmatic representation of a three-pronged event:

VA, VB, and VC are the fragment trajectories from an origin point

V inside the target material and located at a distance x(«,8)

above the target-detector interface (XOY plane); B measures the

amount of slope of the plane of the fragment trajectories from

the vertical; $ and <J>' are the dip angles, respectively, for

branches "a" and "b"; a and Y are the angles formed by the inter-

section AB and the branches "a" and "b", respectively; Vçt = 00'

is the thickness of detector material surface removed by etching;

R = AE is part of the crack-length for branch "a" removed by

etching; C is the minimum track-length recorded necessary to make

track visible under a microscope, b - Illustrating the relative

positions of a pair of double divergent tracks from an origin point

located inside the target; the quantities d, d« and b are defined

in the text.

Fig. 2. - Ternary fission yields, expressed as cross sections per

equivalent quantum (o ), are plotted against maximum bremsstrahlung

energy E_ (log scale). Points represent the results obtained in

the present experiment for target-detector combinations as indicated.

The straight lines are least-squares fits to the points.

•
Fig. 3. - Ratio of ternary to binary fission cross sections, 0-/ao,

2 IB

plotted as a function of Z /A of the compound incident particle

plus target nucleus system for some selected reactions. Points

guided by a line represent measured o_/oB-values for interactions

of different target nuclei with both the same incident particle and

energy. Data are as follows: A , 414-MeV Ar+ Th (thorite crystal
238

detector [16]) and + U (hole detector in mica surface [20]);
^ , 27.5-MeV bremsstrahlung + 239Pu, 2 3 8U, and 232Th (polyester

sandwiches [33,34]); 3 , 300-GeV p + n a tU, 232Th, 209Bi, and natPb

(makrofol sandwiches (12)); • , 305-MeV 40Ar+natU, 232Th, 209Bi,
197and Au (2n-forward geometry with mica detectors [17]);

B , 600-MeV p + n a tU, natPb, and 197Au (makrofol sandwiches [5]);

O , 7-GoV p +
 238U, 209Bi, 208Pb, 197Au, 184W, 165Ho, and 108Ag

(D.iicel sandwiches [ 13]) ; A » 640-MeV 4He + natl>, 232Th, 209Bi,
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n a tPb, and 197Au (inakrofol sandwiches [25]); Ü , 2.J-GeV 2H+ n a tU,
2 3 2Th, 2 0 9Bi, n a tPb, and 1 9 7Au (makrofol sandwiches [19J) ;

V , 2.36-GeV it" + n a t U , 2 0 9Bi, and 197Au {mica sandwiches [14]);

V , 1.0-1.8-GcV photons + Ag,Br (nuclear-track emulsions [35]);

0 , 0.8-1,8-GeV photons + Al and n a Ti (2Ti-forward geometry

with CR-39 detectors, this work) and + 5 Co and n a tZr (2Tt-forward

geometry with makrofol detectors, this work).
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7'.i.l*_» I. {(«levant data regarding the determination of the ternary fission yields.

ijrprt
CUC 4 C U *

Trtrctor

27 . ,
»\A

C?.-3>

" • 9 T i #

CS-3S

" C o

Ma-trofol

91.2 . •
4>r

Makrofol

Effective thickness
of the target saaple

*ef < M i )

0.2610.03a

G.S0±0.05b

O.37iO.O4b

O.C25±0.003C

0.029i0.003C

tttvetive nuober
of tJrprt nuclei

Na (Í01B co-2)

1.610.2
3.010.3

2.110.2

C.2310.02

0.1310.01

BrriESStralilung
«nd-polnt energy

Eo (CcV)

0 . 8

1 .0

1 . 4

1 . 8

0 . 8

1 . 0

1.4
1 . 8

0 . 8

1 . 0

1 . 4

1 . 8

0 . 8

1 . 0

1 .4

1 . 8

Number of
equlvnlent photons

Q ( 1 0 1 2 cuT2)

1 . 0

1-0

1 . 0

1 . 0

1 . 0

1 . 0

1 . 0

1 . 0

28.4
29.6
30.0
30.0

28.4
29.6
30.0
30.0

Area of
scanning

(cu2)

1.710.2
1.810.2
1 .910.2

2 .HO.2

1.810.2
1 .710.2
1.910.2
2 .010 .2

2 .010 .2
2 . H 0 . 2
1.210.1
1 .710.2

1.710.2
1.910.2
2 .210 .2
1 . 9 1 0 . 2

Nuaber of
ternary fission
eventn

2 1 1

2 i l

2 H

4 ; 2

3 s 2

612

7 1 3

0

1414
1814
2315
1814

13M
1614
2315

6 1 3

Ternary £i?^ior
yiclü. CQ(ub)

0. 710 . 4

0 . 4 i 0 . 2

O . 4 1 C . 2

0 . 6 1 0 . Í

0 . 8 1 0 . 5

1 .710 .6
1 . 6 : 0 . 8

< 0 .2

1 . 1 : 0 . 3
1 .310 .3
2 . B i O . 6

1.510.4

2 . Ü 0 . 6
2 .210 .6
2 .710 .6
0 .810 .4

y.c-aa .iiass nusibsr taking into account the isotopic abundances of the naturally occurring isotopes.

"For 3h etching; for 2h etching; cfor ih etching.
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Table 2, Comparison between mean values of binary and ternary fission cross sections and

fissilities by photons in the energy-range 0.8-1.8 GeV.

Nucleus
Mean cross section per photon, o (lib)

a ratio
^ ^J__J__ (ternary/binary)

binary fission ternary fission

Mean nuclear fissility, f

binary fission ternary fission

I
O

5
00
00

27

47.9

Al

Ti

59 Co

91.2 Zr

(6i2)*

(8±3)*

34±7

7±4

2

IO2

0.

1.

0.

3±0

7±1

5±0

1±1

.7

.5

.5

* 5xl0"4

* 2xl0-3

* lxio"2

^ lxio"1

(1

(0

(3

(4

.2±0

• 9±0

.2±0

± 2)x

.4)x

.3)x

.6)x

IO"4

IO"1

IO"1

IO"3

(0.6±1.4)*10

(2.0±1.8)xl0

(0.5±0.5)xl0

(0.6±0.6)xl0

-4

-4

- 4

- 4

Refs. [36-38].
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