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Abstract

We extended our previously developed semi-empirical method for the calculation of cross section functions (absolute val
and energy dependence) for the electron-impact ionization of the neutral fullergresd3Go and of the ionized fullerenes
Cs0?" (¢ = 1-3) to the calculation of multiple ionization processes of the negatively charged fullergneéC= 60,

70, and 84). Systematic trends and tendencies are highlighted and a detailed comparison with available experimental dat
made. Predictions are also made for cross sections for the ionization of the neutral fullgfenet€ charge state = 6.

An attempt is made to elucidate the origin of an experimentally observed scaling law that relates the ratio of the measur
ionization cross sections of different fulleremesandn, o_1 . (m)/o_1.(m’), where the subscript=1” refers to the fact

that the initial target is negatively charged arztidenotes the charge state of the final ion, to the corresponding ratio of the
geometric cross sectiongeom(n)/ogeom(m’) to the power 2”. (Int J Mass Spectrom 223-224 (2003) 703-711)

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction dependence) for the single electron-impact ioniza-
tion of several neutral and ionized fullerenegyC"
Recently, we introduced a semi-empirical method (¢ = 0-3) [1]. Subsequently, we successfully ex-
for the calculation of absolute cross section func- tended this approach to the calculation of multiple
tions for the electron-impact ionization of the neutral electron-impact ionization cross sections of the neu-
and positively charged fullerenessgCand Go [1,2] tral fullerenes Go and Go [2]. The necessity to rely
which yielded results that were in good agreement on a semi-empirical approach to the calculation of
with available experimental da{8-5]. Our method electron-impact ionization cross section functions for
was initially developed for the calculation of partial fullerenes that are in reasonably good agreement with
cross section functions (absolute value and energy experimentally determined cross sections comes from
the fact that more rigorous calculation meth§@ts9],
_ _ , , which yield reasonably good agreement (to within
* Corresponding author. E-mail: paul.scheier@uibk.ac.at . .
1 Present address: Department of Plasma Physics, Comenius Uni—20%) with measured data for a Iarge number of S|mple
versity, SK-84248 Bratislava, Slovakia. as well as complex molecules, yield very poor results
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in the case of fullerenes. Specifically, none of the more
rigorous method§6-9] is capable of reproducing the

experimental data that are available for fullerenes.

In the present paper, we report the extension of
our previously developed approach to the calculation
of multiple electron-impact ionization cross sections

of the negatively charged fullerenes, C (m = 60,

70, 84) for which reliable experimental data have also
been reported recent[§0]. Predictions are also made
for cross sections for the ionization of the neutral

fullerene G4 up to a charge state= 6 of the product

ion. An attempt is made to provide an explanation for

a scaling law found by the authors [d@f0] that relates

measured cross section ratios to ratios of the geomet-

rical cross sections of the targets.

2. Background

In our previous papdiR], we introduced a formula
for the calculation of the partial ionization cross sec-

tion o (X,,*T, E) for the ionization of a fulleren,,
consisting ofm monomers 2 = 60, 70) to a final

charge state (z = 1-6) as a function of the impact

energyE of the form

o(XmZ+, E)
=m® e e oo(X, E*) - FeagdE) (1)

with

E* = E —[Eo + (IPciuster-ion — IPmonomed] (2a)

for ionic targets and multiple ionization of neutral

fullerenes.
E*=E — Eg (2b)

for single ionization of neutral fullerenes.

The exponentd” (taken from[11]) results from a
relationship between the radius of the clusRgster
and the radius of the monomBfonomerof the form

Reiuster= m“ - rmonomer (see [12], 3

and the other quantities i&g. (1) have the following
meaning:

(i) The exponent B;” determines the so-called

“structure factor”, exp£b1). The structure factor
leads to a reduction in the maximum fullerene
ionization cross section compared to the value
¢ predicted by the simple “cluster” formula
[12]. The reduction arises from the fact that
multiple single ionization processes can occur
when a fullerene is ionized by an incident elec-
tron which will reduce the cross section for the
particular channel under consideration. The ex-
ponent b;” was found to be a function of the
cluster size " [2].

(i) The exponentb,” determines the so-called “ion-

ization factor”, exp{-b2). The ionization factor
was found to decline exponentially far > 1
for both Gso and Go [2] and is different for
fullerenes of different sizen. We note that a simi-
lar exponential behavior was also found earlier in
the case of the multiple ionization of atofis3].

(iii) The energy dependencE;agd E) describes the

deviation of the cross section shape of the
fullereneX,, from the cross section shape of the
monomerX. Different functionsFeage E) apply

to Cgo and G and to the various values of the

final charge state (see[2] for details).

(iv) The energy shife* as defined irEgs. (2a) and

(2b) was introduced as a way to properly de-
scribe the low energy dependence of the cross
sections. HerekE is the kinetic energy of the
primary electron, andey describes the energy
loss due to inelastic scattering. The values for
the ionization energies (IPs) can be found5h
The combined effect of the functioficagd E)
and the use of the “shifted” enerdy* in the
monomer cross section is a shift of the maxi-
mum in the fullerene ionization cross section to
higher energies in conjunction with a broaden-
ing of the region of the cross section maximum
compared to the monomer ionization cross sec-
tion and a more gradual decline of the fullerene
cross section with increasing impact energy at
higher impact energies (above about 100 eV).
The quantityoii(X, E*) refers to the total ion-
ization cross section of the monom&r as a
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function of the “shifted” energ¥*. The ioniza-
tion cross section of atomic carbon is taken from
the paper of Brook et a[14].

The application ofq. (1)to the cases discussed in
the previous papefd,2] required the empirical deter-
mination of the various parameters (structure factor,
ionization factor, functionFcagd E), and shifted en-
ergy E*) from a sub-set of the measured experimental
data[3-5] followed by the subsequent application of
Eqg. (1) to all cases for which experimental data are

available. In all but two cases, good agreement was

found between the prediction of our semi-empirical

formula and the measured data. In one case, the single

ionization of G, the discrepancy was attributed
to the presence of indirect ionization proces§®s
and in the second case, the production a6 ions
following electron impact on &, the disagreement
was attributed to extremely low signal rates in the
experiment2].

3. Extension to negatively charged
fullerenes C,,~ (m = 60, 70, 84)

The application ofEq. (1) to the multiple ioniza-
tion of the negatively charged fullerenegeC, C70,
and Gg4~ requires the extension of the structure fac-
tor exp(=bz), the ionization factor exp{by), and the
energy shapécagd £) to these targets and processes.

Since the structure factor depends only on the size
of the targets, the structure factors fo5oC and Go~
are the same as those derived[2). The structure
factor for Gg4 is obtained from the double ionization
process @4~ — Cgs4™ as there are no experimental
data available for the single ionization of neutrahC
Previously, in the case ofdgand Gg [1,2] the struc-
ture factor was obtained from the measured single
ionization cross section data of the neutral fullerene
target. The structure factor as a function of target size
is shown inFig. 1L The line drawn through the three
points is a single-exponential fit and serves only as a
guide to the eye. We note that 8], where we only
dealt with two structure factors fat = 60 and 70, re-
spectively, we connected the two factors by a straight
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line and extrapolated this line to lower valuesrof
This extrapolation intersected the line representing
the maximum structure factor of unity aroumd= 20
and we speculated that it is around this cluster size
that the fullerene cage structure of carbon clusters
as opposed to a simple ring structure begins to play
a role. This speculation was supported by the argu-
ments of Jensen and Kodh5] who suggested that
the fullerene cage structures become possible around
m = 24. It is obvious fronFig. 1that this linear ex-
trapolation to lower values ah cannot be extended
in the same fashion tes = 84 and larger values of
m. The linear extrapolation of the structure factor to
larger m values would reach a value of zero around
m = 90 (dashed line irfrig. 1) which, in turn, would
correspond to a physically unrealistic vanishing cross
section. Clearly, additional experimental studies of the
single ionization of @4 and other fullerenes would be
desirable to determine the structure factor as a func-
tion of fullerene size over a wider range wifvalues.
The ionization factors were derived from the exper-
imental data for the double and quadruple ionization
of the G, ~ species, i.e., from the cross sections for the
formation of G,* and G,3* ions, respectively10]
and extrapolated to the formation of,&" and G,**
(for which no experimental data have been reported

0.0 T T T T T —

Cluster size (m)

Fig. 1. Structure factor “exp{b;)” as a function of fullerene size
m. The three data points correspond tgoCCro, and Gg4. (See
text for details of the extrapolation.)
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Table 1
Function Feagd E) for the double ionization of £~ (m = 60, 70,
84)
3 Electron energy (eV) FcagdE)
1 >100 1.000
i 200 1.064
E 300 1.100
i 400 1.130
- 500 1.160
E 600 1.190
- 700 1.230
800 1.290
] . . . . . . ] 900 1.400
0 1 2 3 4 5 6 7 1000 1.570

Charge state (z)

Fig. 2. lonization factor “exp{by)” for Ceo~, Cro~, and Gy~ as pact energies up to 1000 eV (see @] for higher
a function of the charge stateof the ion produced. Also shown values ofz).

are the previously determined ionization factors fep @nd Go

and the interpolated ionization factors fog/gsee text for details).

4. Results and discussion

yet). The ionization factors derived from this proce-  |n this section, we use the explicit functional forms
dure are shown iffrig. 2 together with the ionization  of Eq. (1)applicable to the calculation of the absolute
factors for the ionization of the neutral fullerenegoC  cross sections for the multiple ionization of the nega-
and Go. We note that the ionization factors for the tively charged fullerenes & (m = 60, 70, 84) and
negatively charged fullerenes,C (m = 60, 70, and  compare the calculated cross sections with measured
84) follow a straight line abovg = 2, but display data from[10].
a change in the slope towargs= 1 which one can
attribute to the fact that negatively charged fullerenes 4.1. ¢~ +C,,~ — C,, T + 3¢~ ; m = 60,70,84
represent targets that are less stable than the neutral
fullerenes. Also included ifrig. 2 are ionization fac- Eg. (1) in conjunction with the data derived in
tors for the neutral g fullerene. Since no experimen-  Section 3above yields the following formulas for the
tal data are available fordg, the ionization factors  double ionization of ¢;~ (m = 60, 70, 84), i.e., the
were determined by interpolation, i.e., a straight line, formation of G, ™ ions ¢ = 1):
parallel to the lines for g and G was assumed for 786 0790 04997
Csq With an appropriate off-set inferred here from the og0-(E,z=1) = 60770 ¢ €
data for the negatively charged fullerenes. -0c(E™) - Feagd E) (4a)
The energy shape functiaftagd E) for the double

ionization was obtained from the measured data for o70-(E,z =1) =
Cg4~ for this proces$10] and then used without fur- -0c(E*) - Feagd E) (4b)
ther modification for the other two fullerenes as well.
'(Ij'hebr:umerical valufeshof the functidftagd E) for the ; ogg-(E, 7 =1) = 840.786  o~1.2897 00

ouble ionization of the §~ species are summarize
in Table 1 For all other cases discussed here, i.e., for oc(E") + Feagd E) (4c)
the three- and four-fold ionization of all,C species, Here E* = E — 24 eV and the explicit form of the
the functionFeagd E) is identical to unity for all im- function Feagd E) is given in Table 1 As expected

700.786 . e—1.132 . e—0.1577
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Fig. 3. Calculated cross section for the formation gf‘C(m = 60, Fig. 4. Calculated cross section for the formation gf€ (m = 60,
70, 84) ions following electron impact on,C as a function of 70, 84) ions following electron impact on,C as a function of
electron energy. The calculated cross sections are shown as theélectron energy. The calculated cross sections are shown as the
solid lines, the experimental data are frda0]. The triangles, solid lines, the experimental data are frddD]. The triangles,
squares, and circles denotgsC, C7o~, and Go~, respectively. squares, and circles denotgsC, C70~, and Go~, respectively.

from the discussion in the previous section, the struc-
ture factor decreases from§1o Cro to Cgs, Whereas 5o, (E, 7 = 2) = 840786, g=12897, o~1.605
the ionization factor increases as one goes to the larger 0C(E*) - Feagd E) (5¢)
fullerenes. We note that the product of structure factor
and ionization factor has the same valueeof-2897 Here E* = E — 45eV and the functionFeagd E)
for all three fullerenesFig. 3 shows the comparison is identical to unity for all impact energie&ig. 4
between the calculated ionization cross sections andshows the comparison between the calculated ioniza-
the experimental data ¢10] for the three fullerenes  tion cross sections and the experimental datfl6f
from threshold to 1000 eV. As can be seen, the agree-for the three fullerenes from threshold to 1000eV.
ment is excellent for g~ and very good for €~ and As can be seen, the agreement is good for all three
Cg4~ in view of the error bars of the experimental data fullerenes in view of the error bars of the experimen-
except for the energy regime very close to threshold. tal data except for the energy regime very close to
threshold. We note that the calculated cross sections
42. ¢~ +Cyp~ — Cp?" +4¢~;m = 60,70,84 tend to lie consistently slightly below the measured

data.
Eqg. (1) in conjunction with the data derived in

Section 3above yields the following formulas for the 43, .~ + ¢,,~ — C,,3" + 5¢—; m = 60,70,84
triple ionization of G,~ (m = 60, 70, 84), i.e., the
formation of G,2* ions ¢ = 2): Eq. (1) in conjunction with the data derived in
o0 (E, 7 = 2) = 600786 g=0790  ¢-23607 Section 3_abqve yields the following formulas fqr the
. four-fold ionization of G,~ (m = 60, 70, 84), i.e.,
0C(E7) - Feagd E) (5a) the formation of G,3* ions ¢ = 3):

o70-(E,z = 2)= 700.786_ e—1.132 . e—1.9278 oe0-(E, 2 = 3) = 600'786- e—0.790 i e—5.0197

-oc(E™) - Feagd E) (5b) -oc(E™) - Feagd E) (6a)
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Fig. 5. Calculated cross section for the formation gff€ (m = 60, Fig. 6. Calculated cross section for the formation gb% ions
70, 84) ions following electron impact on,C as a function of following electron impact on &~ as a function of electron energy.
electron energy. The calculated cross sections are shown as theThe calculated cross section is the shown as the solid line and the
solid lines, the experimental data are frdqa0]. The triangles, circles denote the experimental data fr¢n@].
squares, and circles denotgsC, Czo~, and Go~, respectively.
_ _ Here E* = E — 115eV and the functiofcagd E) is
070 (E, 7 = 3) = 700786, 1132 o-4.4457 cagd £)

. identical to unity for all impact energieBig. 6 shows
0 (E7) - Feagd E) (6b) the comparison between the calculated ionization
oga (E. 7 = 3) — 840786 o~1.2897 _~39900 cross section and the experimental datd16 from
’ threshold to 1000 eV. As can be seen, the agreement

‘0c(E") - Feagd E) (6¢) is excellent over the entire range of impact energies.
Here E* = E — 76eV and the functionFcagd E) o
is identical to unity for all impact energie§ig. 5 4.5 lonization of neutral Cgy fullerenes up to

shows the comparison between the calculated ioniza- charge state z = 6

tion cross sections and the experimental datfl6f

for the three fullerenes from threshold to 1000eV. As ~ Using the basic data for the structure factors and the
can be seen, the agreement is reasonably good for allionization factors frontigs. 1 and 2we are now in a
three fullerenes in view of the error bars and the scat- Position to predict absolute ionization cross sections

ter of the experimental data. for the single and multiple ionization of the neutral
fullerene G4 up to charge state = 6. The calcula-
44. ¢~ + C79” — C7g*" + 6e™ tion follows the procedure outlined [t,2]. No exper-

imental data have been reported for these processes

In the case of &~, Hathiramani et al[10] also up to now. The results are shown kig. 7. In these
reported cross sections for the five-fold ionization of Calculations, we used the same functiage £) that
C7o™, i.e., the formation of g** ions. If we apply ~ Was used earlier for g [2].
our formalism to this particular case, we obtain the
f0||owing expression 4.6. Scallng law considerations
o70- (E, 7 = 3) = 700780 71132 7710 Hathiramani et al[10] found that their measured
-0c(E*) - Feagd E) @) ionization cross sections of the negatively charged
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Fig. 7. Calculated cross sections for the formation of singly and
multiply charged @4** ions up to charge state = 6 follow-

ing electron impact on neutralg@ fullerenes from threshold to
1000 eV. No experimental data are available for comparison. Fur-
ther details are given in the text.

fullerenes Go—, C70~, and G4~ could be described
by a scaling law of the form

O—fl,z(m) i |: :|z

o_1z(m)

where o_1;(m) and o_1 . (m’) denote the ioniza-
tion cross sections of the negatively charged1")
fullerenesm andm’ (m, m’ = 60, 70, 84) to the final
charge stateZ’ and ogeom (m) and ogeom (m’) refer
to the geometric cross sections of the fullerenes
andnt.

In an attempt to understand the origin of this scaling
law, we take, for instance, the ratio of the calculated
cross sections for the four-fold ionization o6 and
Cs4~ (seeEgs. (6a) and (6¢)which yields

0.786
(%) g+0.53
60

Using the relationa® = exp(xIn(a)) this can be

re-written as
84\ 0-786 / g4\ 15752
() (o)

Ogeom (m)

Ogeom (m”)

(8)

ogs-(z =3) _
og0-(z = 3)

(9)

oga-(2=3)

= 10
o60-(z = 3) (10)

709
which takes the approximate form
3
(-=3 g4 0.786
og4-(z = 3) _ (_) (11)
060~ (z = 3) 60

Analyzing the other ratios such asgs(z
3)/o70-(z = 3) ando;g- (z = 3)/ogp- (z = 3) and ex-
tending this comparison to other stages of ionization,
one finds a generalized relationship of the form

m \ 0.7867%
[
wherez denotes the final charge state of the ion. In
order to relate the ratio of fullerene size@sandm’ in
Eqg. (12)to the geometric cross section of the respec-

tive fullerene, we start fronieq. (3) from which we
define the geometric cross section of a fulleremas

o_1,:(m) _

o_1(m')

12)

Ogeom (M) = TF(RcIuster)z = ”mzu(rmonomeaz (13)
and obtain a cross section ratio for fullerenes of sizes
m andm’ of the form
m 2a
(o)

In other words, the ratio of the geometric cross sections
is given by the ratio of the fullerene sizesand nY

to the power ‘A’. Thus, it is justified to interpret the
ratio (m/m7)%78 in Eq. (12)as being proportional to
the ratio of the respective geometric cross sections and
we have, in fact, derived from the present theoretical
considerations a relationship of the form

0_1,(m) _ [ :|Z

U—l,z(m/) B
which has already been deduced earlier from the ex-
perimental data.

Table 2summarizes the cross section ratios from
the experimental data ¢1.0] together with the geo-
metric cross section ratios, and the cross section ratios
based on the present calculation. The geometric cross
sections used to determine the ratios listedable 1
are based on the well-known radius ofg@®f 0.5nm
[10] from which equivalent radii for &y and G4 were

ogeom(m) [ﬂ(RcIusterm)z] _

= = 14
Ogeom (m’) [T[(Rclustecm’)z] (14

Ogeom (m)

15
Ogeom (m’) (19)
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Table 2
Comparison of cross section ratios obtained from the experimental détf@]pthe geometric cross sections, and the results of the present
calculation

Cross section ratio Experimefit0] Geometric cross section Present calculation
o_11 (70)o_11 (60) 1.09 1.13 1.13
o_11 (84)lo_11 (70) 1.12 1.15 1.15
o_11 (84)o_11 (60) 1.22 1.30 1.30
o_12 (70)lo_1,2 (60) 1.28 1.20 1.25
o_12 (84)o_1.2 (70) 1.27 1.24 1.36
o_12 (84)lo_12 (60) 1.64 1.49 1.70
0_13 (70)/0'_13 (60) 1.44 1.27 1.42
0_13 (84)lo_13 (70) 1.50 1.33 1.56
o_13 (84)lo _1.3 (60) 2.15 1.70 2.21
determined using the relatigthO]: the electron-impact ionization of neutral and posi-
1\ 05 tively charged fullerenes g and Gg to the calcula-
Iy = [0.15+ 0.35 (a)) } innm forn = 70, 84 tion of two-, three-, and four-fold ionization cross sec-

tions of the negatively charged fullereneg C(m =
60, 70, 84) for which reliable experimental data have
which yields equivalent radii of 0.531nm forgand  also been reported recenfly0]. Very good agreement
0.571nm for G4 As can be seen, with very few ex- between measured and calculated cross sections was
ceptions there is good agreement between the threefound in all cases. In the case of¢C measured cross
cross section ratios for the two-, three-, and four-fold sections for the five-fold ionization were also reported
ionization of the negatively charged fullereneg C which agree very well with our calculation. Predic-
(m =60, 70, 84). tions are also made for cross sections for the ioniza-
However, we note that the scaling law of the form tion of the neutral fullerene £ up to a charge state
expressed ifEq. (15)is unique to the ionization cross z = 6 of the product ion. An attempt was made to
sections of the negatively charged fullerenes as its provide an explanation for the scaling law found by
derivation relies on the fact that the ratio of the prod- the authors of10] that relates measured cross sec-
ucts of the respective ionization factors and structure tion ratios to ratios of the geometrical cross sections
factors inEgs. 6(a—c)can be reduced to the expres- of the targets. It was found that the simple form of
sion given inEq. (12) This is no longer the case for the scaling law described if10] does only hold for
the ionization and structure factors that are applicable the negative fullerenes as targets and cannot read-
to the ionization of neutral and positively charged ily be generalized for neutral and ionized fullerene
fullerenes (segl,2]). Thus, there is no basic physics targets.
principle that stipulates the existence of a general
scaling law such as the one expressedEm (12)
for all fullerenes, but it is a rather fortuitous coinci- Acknowledgements

dence that apparently only applies to the ionization )
of negatively charged fullerenes. This work was partially supported by the Osterre-

ichischer Fonds zur Férderung der Wissenschaftlichen
Forschung, Wien, Austria and the EU Commission
5. Conclusions network programme, Brussels. One of us (K.B.)
wishes to acknowledge partial financial support from
We extended our previously developed semi-empi- the U.S. National Aeronautics and Space Administra-
rical approach to the calculation of cross sections for tion (NASA) through award NAG5-8971.

(16)



P. Scheier et al./International Journal of Mass Spectrometry 223-224 (2003) 703-711 711

References [7] W. Hwang, Y.-K. Kim, M.E. Rudd, J. Chem. Phys. 104 (1996)
2956.
[1] H. Deutsch, P. Scheier, K. Becker, T.D. Mark, Int. J. Mass  [8] H. Deutsch, K. Becker, S. Matt, T.D. Mark, Int. J. Mass
Spectrom., in press. Spectrom. lon Process. 197 (2000) 37.
[2] H. Deutsch, P. Scheier, K. Becker, T.D. Mark, Int. J. Mass  [9] S. Keller, E. Engel, Chem. Phys. Lett. 299 (1999) 165.
Spectrom., in press. [10] D. Hathiramani, P. Scheier, K. Aichele, W. Arnold, K. Huber,
[3] S. Matt, B. Diunser, M. Lezius, H. Deutsch, K. Becker, A. E. Salzborn, Chem. Phys. Lett. 319 (2000) 13.
Stamatovic, P. Scheier, T.D. Mark, J. Chem. Phys. 105 (1996) [11] H. Deutsch, K. Becker, T.D. Mark, Eur. Phys. J. D 12 (2000)
1880. 283.
[4] R. Volpel, G. Hofmann, M. Steidl, M. Stenke, M. [12] H. Deutsch, K. Becker, T.D. Mark, Int. J. Mass Spectrom.
Schlapp, R. Trassl, E. Salzborn, Phys. Rev. Lett. 71 (1993) lon Process. 144 (1995) L9.
3439. [13] H. Deutsch, K. Becker, G. Senn, S. Matt, T.D. Mark, Int. J.
[5] S. Matt, O. Echt, R. Wérgbtter, V. Grill, P. Scheier, C. Lifshitz, Mass Spectrom. lon Process. 192 (1999) 1.
T.D. Mark, Chem. Phys. Lett. 264 (1997) 149. [14] E. Brook, M.F.A. Harrison, A.C.H. Smith, J. Phys. B 11
[6] Y.-K. Kim, M.E. Rudd, Phys. Rev. A 50 (1994) (1978) 3115.

3954. [15] F. Jensen, H. Koch, J. Chem. Phys. 108 (1998) 3213.



	A semi-empirical method for the calculation of cross sections for the electron-impact ionization of negatively charged fullerenes
	Introduction
	Background
	Extension to negatively charged fullerenes Cm- (m=60, 70, 84)
	Results and discussion
	e-+Cm-Cm++3e-;m=60,70,84
	e-+Cm-Cm2++4e-;m=60,70,84
	e-+Cm-Cm3++5e-;m=60,70,84
	e-+C70-C704++6e-
	Ionization of neutral C84 fullerenes up to charge state z=6
	Scaling law considerations

	Conclusions
	Acknowledgements
	References


