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Single-Photon Multiple Detachment in Fullerene Negative Ions: Absolute Ionization Cross
Sections and the Role of the Extra Electron
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We have obtained experimental photo-double- and photo-triple-detachment cross sections for the
fullerene negative ion using Advanced Light Source photons of 17-90 eV. The cross sections are 2
and 2.5 times larger than those for Cgy and appear to be compressed and shifted in photon energy as
compared to Cqy. Our analysis reveals that the additional electron in Cg, primarily produces screening
which is responsible for the modification of the spectrum. Both screening effects, the shift and the
compression, can be quantitatively accounted for by a linear transformation of the energy axis. Applying
the transformation allows us to map the neutral and negative ion cross sections onto each other, pointing
out the close relationship of correlated few-electron dynamics in neutral and negatively charged extended
systems. In contrast, dynamics of neutral and negatively charged atoms or small molecules are typically

not closely related.
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Many clusters and large molecules exhibit novel prop-
erties that, if understood and exploited, have the potential
to revolutionize technology and fundamental knowledge
[1,2]. These large systems readily form negative ions
which often play a central role in the behavior of the
condensed state. Electron impact experiments on Cg,
have shown that different mechanisms account for the
detachment of the extra electron from the negatively
charged fullerene than in neutral and positive charged
systems, which has led to the proposal of a novel mecha-
nism in electron-impact ionization of molecular and cluster
anions [3]. Despite this, while negative ion photodetach-
ment [4] has been the subject of intense research (e.g., see
Refs. [5-7]), photodetachment studies of negative ion
clusters and large molecules remain limited, mainly due
to experimental challenges.

Interest in negative ions stems in part from the fact that
photodetachment spectra of negative ions are very differ-
ent, both qualitatively and quantitatively, from photoioni-
zation spectra of neutral and positively charged systems.
This sometimes dramatic difference in behavior arises
from the different binding potential in negative ions. In
contrast to the Coulomb potential (proportional to !,
with r being the distance from the nucleus) that binds the
electrons in neutral and positive atoms, atomic negative
ions are bound in an induced-dipole potential (proportional
to r~*) which results in dramatic differences in the elec-
tronic structure and photodetachment dynamics [7-15]. On
the other hand, in systems where the charge is distributed
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within a large, extended volume, the addition of a single
electron cannot be expected to affect the spectrum signifi-
cantly. This is true even for collective plasmon resonances
in clusters and large molecules such as fullerenes: The
photo-single ionization spectrum of Cq, and Cg, hardly
differ except near threshold [16]. Hence, the question
arises naturally, how double and triple electron removal
yields for the neutral and the negative fullerene ion are
related to each other: Are they as different as in the case for
small systems?

In the following we will present our measured single-
photon multiple-detachment yields of Cg, and contrast
them with the photo-multiple-ionization yields of Cg,
[17]. As we will show, they are indeed quite different,
yet they can be systematically related to each other even
quantitatively by interpreting the attached electron in the
negative ion as a ‘‘spectator’” which does not actively
participate in the correlated electron dynamics. It has
primarily a twofold screening effect on the multiple-
detachment dynamics: (i) the spectra of Cg, appear com-
pressed and (ii) the thresholds for two- and three-electron
removal are shifted as compared to the thresholds in Cg,
spectra. The combined effect can be expressed as a linear
transformation of the energy variable.

Absolute double-and triple-detachment cross sections
for Cg, ions leading to C¢, and C% were measured in
the photon energy range hv = 17-90 eV using the ion-
photon-beam end station on undulator beam line 10.0.1 at
the Advanced Light Source [9]. A 6 keV C(, ion beam was
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produced by evaporating 99.5% pure Cq, powder into a
10-GHz electron cyclotron resonance ion source [ 18], mass
selected (1% resolution), and merged with a counterpro-
pagating synchrotron radiation beam (25-90 meV band-
width). Although the ECR source was run at minimal rf
power, the plasma temperature in the source can excite
molecules by a few eV. While electronic excitations above
the Cg, binding energy (2.666 e¢V) can autodetach, the
electronic energy can also be converted to vibrational
excitations. Thus the ions could retain some internal vibra-
tional energy even after the ~100 us flight time from the
source to the interaction region [19]. Regardless, one
would expect this potential residual internal energy to be
comparable to those found in studies on the neutral system
(e.g., Ref. [17]), and therefore the comparisons and con-
clusions presented here are appropriate. The yields of
charge- and mass-state selected photoions were measured
as a function of the photon energy. Neutral particles cannot
be detected in the apparatus. All plots herein have been
scaled to measured absolute cross sections for C, produc-
tion, as with previous experiments [12,13,20]. The Cé&r
cross sections were scaled from these absolute measure-
ments using measured cross section ratios as done in
previous experiments [10,12]. We estimate an uncertainty
of 22% on the absolute scale [all uncertainties quoted at 1
standard deviation confidence].

Figure 1 shows the photo-double-detachment and photo-
triple-detachment cross sections observed for C¢; produc-
tion from Cg, along with previous Cg, photoionization
results [17]. Since in [17] cross sections relative to Cgo
were measured, we have multiplied those results by the
observed C¢, relative cross section, scaled to the estimated
absolute cross section at Av = 40.8 eV [21]. Threshold
energies were estimated by fitting a power law to the
near-threshold data: A(hy — )P + Opg, Where A is the
amplitude, ¢ the threshold energy, p the power law expo-
nent, and oy, the background cross section. To establish
the fit range to use, sequences of fits were made including
several ranges of data varying the maximum energy
included. For C{;, we obtained 7 = 17.0(7) eV (error esti-
mates include the possibility of nonlinear ov,). Although
very consistent results were returned for ranges including
data up to 22.2 eV, the lack of data below 17 eV (the beam
line limit) reduces the confidence we can have in the fit
results. As previously noted in [10,11,22], threshold law
fits with a zero-slope onset are notoriously sensitive to
variations in the o,.

The negative ion is formed by the addition of an electron
in the #;, orbital (1.6 eV above the fully filled fivefold
degenerate h, orbital in the neutral [23]), with a binding
energy of 2.666(1) eV [24]. Therefore, the threshold is
clearly inconsistent with the C/, ground state E(C{,) =
10.31(2) eV [25] [E(x) denotes the energy of state x rela-
tive to the Cg, ground state], which would correspond to
detachment of the ¢, electron and an A, electron. In fact,
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FIG. 1 (color online). Measured absolute photoion yields from
the removal of 2 (top) or 3 (bottom) electrons. Solid curves are
present Cg, photodetachment results. For comparison, photo-
ionization results for Cq, [17] are also plotted (broken curves,
relative to the Cy, ground state), magnified by a factor of 3 (Cé&’ )
and 4 (CJ) for presentation purposes. Vertical lines indicate
positions of relevant state energies [17,25,26]. Dotted curves are
threshold region best-fit results. Near-threshold data (dots, 1
standard deviation statistical errors bars) are shown in the inset,
and also magnified by a factor of 3 with a 10 Mb shift, for clarity.

we can identify the small oy,, = 1.6 Mb (see Fig. 1 inset)
as this weak 2-electron photodetachment process. The
onset of the dominating signal at 17 eV is instead from
the much more likely process (a factor of 10 from a
statistical standpoint alone) of simultaneously removing
2 of the 10 h,, electrons to an excited C¢,*) state, analogous
to the Cq, photo-double-ionization threshold at hv =
19.00(3) eV [26]. For triple detachment, i.e., for fits to
the Cg&r product, we obtain ¢ = 30.5(7) eV, well above
[8.8(7) eV] the ng ground state, but 5.3(8) eV below the
3-electron threshold of Cgy at hv = 35.8(3) eV [27]. We
similarly conclude that detachment of 3 4, electrons is
responsible.

The differences in the appearance thresholds #° and ¢~
between Cgy and Cg, for multiple ionization by a single
photon reveal the geometry in the process. Consider double
ionization of Cgy as a cluster of individual atoms: The
photoelectron produces an atomic ion with positive charge
Grire = T 1. From atoms one knows that multiple ioniza-
tion proceeds by initial photoabsorption and subsequent
“knock outs™ of other bound electrons by the photoelec-
tron [28,29]. However, in Cq it is, a priori, not clear where
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on the cage the second electron will be ionized by the
primary photoelectron. Most likely, this will happen on the
equator which contains the largest number of atoms. At
the position of the second (or in general last atom ionized),
the impacting and the ionized electron escape very slowly
since we investigate photoprocesses near threshold. This
leads to an initial net charge of ¢, = —1 at the last atom
ionized. Hence, the geometrically induced potential
between the first and the last atomic site ionized is
G dlasV2/R = —+/2/R. This attractive energy is not
generated in Cg since there the spectator electron screens
the first ion, producing a net charge g, = 0. Therefore, it
is by Al, = V2/R easier to double ionize Cgo than Cg,
where R = 9.75 a.u. is the valence radius [30] of C.

In contrast to double ionization, the photoelectron has
kicked out an electron from another atom before ionization
of the last (third) atom in triple ionization. While the
intermediate ionization does not contribute to the potential
since this ion together with its very slow (threshold) elec-
tron remain initially neutral, the additional impact ioniza-
tion step adds the strong propensity of favored forward
scattering. The largest angle of more than 170° in a triangle
of three ion sites is formed by adjacent sites on the cage.
Moreover, the arrangement is the most abundant triatomic
configuration on the cage. Then, the first and last ionization
sites have a distance of almost 2r,, where r,, = 2.73 a.u.
is the average carbon bond length [31]. This leads to a
difference Al; = 1/(2r,.) in the ionization potential of the
neutral and negatively charged fullerene. The geometri-
cally induced differences in the appearance threshold agree
within error bars with the experimental observations (see
Table I). One may speculate along the same lines about
preferred geometries for A7, with n > 3, which would be
valuable with corresponding experiments in the future.

The energy shifts of the appearance thresholds reveal the
geometry of multiple ionization as we have seen. In addi-
tion, the Cg, photoion spectra are compressed in photon
energy compared to those of neutral Cq,. This phenomenon
contains information about the orbital energies, as will be
explained below, and can be interpreted as another screen-
ing effect by the extra electron. Since the dipole matrix
element is larger for more strongly bound electrons viewed
in a picture of occupied orbitals, multiple ionization or
detachment will preferentially start by the photon absorp-
tion of the most strongly bound electron that can be

TABLE I. Appearance thresholds for removal of n electrons
from the £, shell of the negative ion (/,,) and the neutral (/).
Figures in parentheses give uncertainties in the last digit.

n I, [eV] I, [eV] Al,(exp) [eV] Al (theo) [eV]
2 17.0(7) 19.00(3)* 2.0(7) 1.97
3 30.5(7) 35.8(3)° 5.3(8) 4.97

“Reference [26].
PReference [27].

ionized. On its way out the photoelectron then knocks
out one or more electrons by subsequent collisions as
discussed above. The energy scale of such a collision is
given by the instantaneous total binding energy shared by
the remaining more loosely bound electrons which are to
be knocked out. The process is akin to what is found in
photo-double ionization of He, where the photo-double-
ionization probability corresponds to that of electron
impact ionization of He™ if the energy is scaled by the
ratio of the effective binding energies [29]. Here, the
excess electron of Cg, reduces the binding energy of the
electron to be detached to an effective one which sets the
energy scale of the detachment yield.

We define dimensionless energy variables x4 = &4/a¢,
where a = — stands for C¢j and a = o for Cg. With g4 =
hv — t* we measure energy from the respective threshold
t*. Together with the scaling a? this constitutes the linear
transformation of the original energy hv.

The energy scales are set by the effective binding energy
a* of the electrons to be knocked out by the photoelectron
as described above. If these arguments hold, the excess
energy in Cg, photodetachment is mapped onto that in Cgq
photoionization with the transformation ¢° = Be&~, where
B = a°/a”. The negative ion cross section can be
expressed in terms of the energy scale £° of the neutral as

o5(e%) = o (Be7)/B, M

with the normalization [ o;(e°)de® = [ o~ (hv)d(hv) to
maintain the oscillator strength in the scaled coordinates.
For two electron removal in neutral Cqy, a® = 7.61 eV,
since the more strongly bound photoelectron knocks off the
valence electron. For two electron removal in C, there is
the additional valence electron. The total binding energy of
both electrons is then 2.666 + 7.61 = 10.28 eV, and the
knocked-off electron has an effective binding energy of
a” =10.28/2 = 5.14 eV. Thus, we can estimate B, =
1.48. Similarly, for three electron removal, the effective
binding energies of the two knocked-off electrons are
a® =19.0 eV and a~ = 2/3(19.00 + 2.666) eV, giving
B3 = 1.32.

Figure 2 shows the results of least-squares fits of o to
the corresponding Cg cross sections, o5 = Ro®, with 8
and the overall cross section amplitude ratio R (shown
as a magnification factor in the figure) as the only fit
parameters. Including data up to Av = 55 eV for photo-
double-detachment yields best fit Bt = 1.50, essentially
coincident with the expected value. The amplitude ratio
returned is Rt = 2.00; i.e., the cross section for Cg, photo-
double detachment is considerably larger than that for Cg
photo-double ionization. From a similar fit for photo-triple
detachment including all the data (lower panel of Fig. 2),
we obtain Bt = 1.57 and R = 2.47, rendering the
removal of three electrons by one photon in Cg, about
2.5 times more likely than in Cgy. Finally, the ratio
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FIG. 2 (color online). Scaled Cg, photodetachment cross sec-
tion o4 (°) [see Eq. (1)] (solid curve) compared to Cg, photo-
ionization from [17] (broken curve) for the removal of 2 (top) or
3 (bottom) electrons. (g° is the excess energy for photo-double
ionization or triple photoionization of Cg.)

R;/R, = 1.24 carries a reduced uncertainty (we estimate
~10%), as it does not depend on the absolute scale. It
indicates an increase in ease of n-electron removal in the
negative ion with increasing n as compared to neutral Cg,
yet another effect of the screening through the additional
electron in the negative ion.

The correspondence between the scaled spectra of Fig. 2
is striking. Indeed, we can immediately correlate all the
major features for photo-double detachment with photo-
double ionization, albeit with slightly varying amplitudes.
In addition, for photo-triple detachment, if we instead fix 8
to the theoretical value (1.32) and set R3; = 3.66 so as to
match the leading edges, we obtain the curve in the inset.
Features common to both spectra then suggest themselves
more readily, adding support to our interpretation (Note
that the identity of these features remains elusive; see
discussion in [32]). It should be noted that without the
concept of the spectator electron and its twofold effect on
the energy variable this similarity is almost impossible to
infer from the Cg, spectra shown in [17] as Fig. 13.

In summary, we have shown that the cross section for
multiple electron removal by a photon from the fullerene
negative ion can be mapped onto the corresponding cross
section for the neutral Cg, by quantitatively assessing the
twofold effect of the screening by the extra electron which
leads to a shift and a compression of the energy variable. In
addition, the screening increases the oscillator strength for
the negative ion spectra compared to the neutral.

The energy scaling for multielectron ionization
observed here is not specific to Cgy and C¢, because it is
an atomic property [29] relying on local few-electron
correlation. Therefore, investigations in extended systems,
such as other fullerenes or metal clusters, should reveal a
similar energy scaling.

We may conclude that, in contrast to few-electron atoms
or molecules, the photoelectron spectra of the neutral and
its negative ion in extended systems are quite closely
related: For removal of a single electron the spectra are
almost identical except near threshold. This is certainly
expected owing to the small difference in the oscillator
strength between n and n + 1 electrons participating in the
photoabsorption. More surprising is the connection
between neutral and negative ion spectra for removal of
more than one electron as we have worked out and illus-
trated here: Essentially, the strongly correlated electron
dynamics required for multiple electron removal is quite
similar. The difference in the dynamics is largely due to the
screening in the negative ion by the additional electron
whose effect is fully described by a linear transformation
of the energy variable. This has allowed us to map the
neutral and negative ion spectra onto each other, illustrat-
ing their close relationship.

This work was supported by the DOE, Division
of Chemical Sciences, Geosciences and Energy
Biosciences, Grant No. DE-FGO02-92ER14299.A002.
The ALS is funded by DOE, Scientific User Facilities
Division. We thank Z.D. Pesi¢ for initial attempts to
produce the anions and R. Wehlitz for helpful comments
on our manuscript. N.D.G. and C. W.W. acknowledge
support from NSF Grants No. 0757976 and No. 1068308.
S.S. and A.M. acknowledge support from Deutsche
Forschungsgemeinschatft.

*rcbilodeau @1bl.gov

"Present address: Department of Physics and Astronomy,
University of Montana, 32 Campus Drive, CHCB 120,
Missoula, Montana 59812, USA.

[1] A.V. Solov’yov, J.-P. Connerade, and W. Greiner, Phys.
Scr. 69, C45 (2004).

[2] R.E. Smalley, Rev. Mod. Phys. 69, 723 (1997).

[3] P. Scheier, D. Hathiramani, W. Arnold, K. Huber, and E.
Salzborn, Phys. Rev. Lett. 84, 55 (2000); D. Hathiramani,
P. Scheier, K. Aichele, W. Arnold, K. Huber, and E.
Salzborn, Chem. Phys. Lett. 319, 13 (2000).

[4] Following convention, ‘“detachment” is used throughout
for removal of electrons from negative ions by a single
photon and ““ionization”™ for the corresponding removal
from neutral or positively charged atoms and molecules.

[5] T. Andersen, Phys. Rep. 394, 157 (2004); D.J. Pegg, Rep.
Prog. Phys. 67, 857 (2004).

[6] J.C. Rienstra-Kiracofe, G.S. Tschumper,
Schaefer III, Chem. Rev. 102, 231 (2002).

[71 H. Kjeldsen, J. Phys. B 39, R325 (2006).

and H.F

043003-4


http://dx.doi.org/10.1238/Physica.Regular.069a00C45
http://dx.doi.org/10.1238/Physica.Regular.069a00C45
http://dx.doi.org/10.1103/RevModPhys.69.723
http://dx.doi.org/10.1103/PhysRevLett.84.55
http://dx.doi.org/10.1016/S0009-2614(00)00114-7
http://dx.doi.org/10.1016/j.physrep.2004.01.001
http://dx.doi.org/10.1088/0034-4885/67/6/R02
http://dx.doi.org/10.1088/0034-4885/67/6/R02
http://dx.doi.org/10.1021/cr990044u
http://dx.doi.org/10.1088/0953-4075/39/21/R01

PRL 111, 043003 (2013)

PHYSICAL REVIEW LETTERS

week ending
26 JULY 2013

(8]

(9]

(10]

[11]

[12]

[13]

[14]

N. Berrah et al, Phys. Rev. Lett. 87, 253002 (2001);
H. Kjeldsen, P. Andersen, F. Folkmann, B. Kristensen,
and T. Andersen, J. Phys. B 34, L.353 (2001).

A.M. Covington et al., J. Phys. B 34, L735 (2001).
R.C. Bilodeau, I. Dumitriu, N.D. Gibson, C. W. Walter,
and N. Berrah, Phys. Rev. A 80, 031403(R) (2009).
R.C. Bilodeau, J.D. Bozek, N.D. Gibson, C. W. Walter,
G.D. Ackerman, I. Dumitriu, and N. Berrah, Phys. Rev.
Lett. 95, 083001 (2005).

R.C. Bilodeau, N.D. Gibson, J.D. Bozek, C. W. Walter,
G.D. Ackerman, P. Andersson, J. G. Heredia, M. Perri,
and N. Berrah, Phys. Rev. A 72, 050701(R) (2005).
R.C. Bilodeau, J.D. Bozek, A. Aguilar, G.D. Ackerman,
G. Turri, and N. Berrah, Phys. Rev. Lett. 93, 193001
(2004).

R.C. Bilodeau, C. W. Walter, I. Dumitriu, N.D. Gibson,
G.D. Ackerman, J.D. Bozek, B.S. Rude, R. Santra,
L.S. Cederbaum, and N. Berrah, Chem. Phys. Lett. 426,
237 (20006).

N. Berrah, R.C. Bilodeau, J.D. Bozek, I. Dumitriu,
D. Toffoli, and R.R. Lucchese, Phys. Rev. A 76, 042709
(2007).

P. Riviere, U. Saalmann, and J. M. Rost (unpublished).
P.N. Juranic, D. Lukic, K. Barger, and R. Wehlitz, Phys.
Rev. A 73, 042701 (2006).

F. Broetz, R. Trassl, R. W. McCullough, W. Arnold, and
E. Salzborn, Phys. Scr. T92, 278 (2001).

A.E.K. Sundén, M. Goto, J. Matsumoto, H. Shiromaru,
H. Tanuma, T. Azuma, J. U. Andersen, S. E. Canton, and

[20]

(21]
[22]

(23]

[24]
[25]
[26]

(27]

(28]
[29]
[30]
(31]

(32]

043003-5

K. Hansen, Phys. Rev. Lett. 103, 143001 (2009);
J.U. Andersen, P. Hvelplund, S.B. Nielsen, U.V.
Pedersen, and S. Tomita, Phys. Rev. A 65, 053202 (2002).
A.M. Covington et al., Phys. Rev. A 66, 062710
(2002).

J. Berkowitz, J. Chem. Phys. 111, 1446 (1999).
R.C. Bilodeau, M. Scheer, H.K. Haugen,
R.L. Brooks, Phys. Rev. A 61, 012505 (1999).
W.H. Green Jr., S. M. Gorun, G. Fitzgerald, P. W. Fowler,
A. Ceulemans, and B.C. Titeca, J. Phys. Chem. 100,
14892 (1996).

C. Brink, L. H. Andersen, P. Hvelplund, D. Mathur, and
J.D. Voldstad, Chem. Phys. Lett. 233, 52 (1995).

D.L. Lichtenberger, M.E. Rempe, and S.B. Gogosha,
Chem. Phys. Lett. 198, 454 (1992).

H. Steger, J. de Vries, B. Kamke, W. Kamke, and
T. Drewello, Chem. Phys. Lett. 194, 452 (1992).

A.V. Pogulay, R.R. Abzalimov, S.K. Nasibullaev,
A.S. Lobach, T. Drewello, and Y. V. Vasilev, Int. J. Mass
Spectrom. 233, 165 (2004).

A. Emmanouilidou, P. Wang, and J. M. Rost, Phys. Rev.
Lett. 100, 063002 (2008).

T. Schneider and J. M. Rost, Phys. Rev. A 67, 062704
(2003).

W. Kritschmer, L.D. Lamb, K. Fostiropoulos, and
D.R. Huffman, Nature (London) 347, 354 (1990).

Y.F. Chang, J.P. Zhang, H. Sun, B. Hong, Z. An, and
R.S. Wang, Int. J. Quantum Chem. 105, 142 (2005).
S.W.J. Scully et al., Phys. Rev. Lett. 94, 065503 (2005).

and


http://dx.doi.org/10.1103/PhysRevLett.87.253002
http://dx.doi.org/10.1088/0953-4075/34/10/107
http://dx.doi.org/10.1088/0953-4075/34/22/105
http://dx.doi.org/10.1103/PhysRevA.80.031403
http://dx.doi.org/10.1103/PhysRevLett.95.083001
http://dx.doi.org/10.1103/PhysRevLett.95.083001
http://dx.doi.org/10.1103/PhysRevA.72.050701
http://dx.doi.org/10.1103/PhysRevLett.93.193001
http://dx.doi.org/10.1103/PhysRevLett.93.193001
http://dx.doi.org/10.1016/j.cplett.2006.05.127
http://dx.doi.org/10.1016/j.cplett.2006.05.127
http://dx.doi.org/10.1103/PhysRevA.76.042709
http://dx.doi.org/10.1103/PhysRevA.76.042709
http://dx.doi.org/10.1103/PhysRevA.73.042701
http://dx.doi.org/10.1103/PhysRevA.73.042701
http://dx.doi.org/10.1238/Physica.Topical.092a00278
http://dx.doi.org/10.1103/PhysRevLett.103.143001
http://dx.doi.org/10.1103/PhysRevA.65.053202
http://dx.doi.org/10.1103/PhysRevA.66.062710
http://dx.doi.org/10.1103/PhysRevA.66.062710
http://dx.doi.org/10.1063/1.479404
http://dx.doi.org/10.1103/PhysRevA.61.012505
http://dx.doi.org/10.1021/jp960689n
http://dx.doi.org/10.1021/jp960689n
http://dx.doi.org/10.1016/0009-2614(94)01413-P
http://dx.doi.org/10.1016/0009-2614(92)80027-9
http://dx.doi.org/10.1016/0009-2614(92)86081-R
http://dx.doi.org/10.1016/j.ijms.2003.12.016
http://dx.doi.org/10.1016/j.ijms.2003.12.016
http://dx.doi.org/10.1103/PhysRevLett.100.063002
http://dx.doi.org/10.1103/PhysRevLett.100.063002
http://dx.doi.org/10.1103/PhysRevA.67.062704
http://dx.doi.org/10.1103/PhysRevA.67.062704
http://dx.doi.org/10.1038/347354a0
http://dx.doi.org/10.1002/qua.20691
http://dx.doi.org/10.1103/PhysRevLett.94.065503

