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Abstract

We studied the energetics and fragmentation patterns of multichargegd Nfvrse clusters®{=55-321), with a total cluster charge=n.
The Morse pair-potential parameters were characterized by the dissociation relgi0 eV, range parameter= 1-3A-1, and interatomic
equilibrium separatioR, = 1-3A.The potential energiegper particle) of these multicharged Morse clusters at their equilibrium configuration (with
bond lengthr,) were analyzed in terms of the liquid drop model. This resulted in the relatioiial / ro)n?/® + (@D /aro) + [a2D/(are)®4n=/3,
where the reduced parametefs(for the Coulomb energy) (for the interior energy) and?(for the surface energy) are independent of the
Morse pair-potential parameters. The Rayleigh fissibility param&tdt(Coulomb)/Z(surface), which determines the fragmentation pattern (i.e.,

X <1 for cluster fission an# > 1 for Coulomb explosion), was expressed in the fofra: (ZZ/n)[(25§/&%)(D/a3/2ré/2)]71. The application of this

result to the Coulomb instability of multicharged globular proteins revealstkdtfor the currently available data. The dominating fragmentation
channel is expected to involve spatially anisotropic protein fission into a small number of large fragments, rather than spatially isotropic protein
Coulomb explosion into a large number of small fragments.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction (2) What are the topography and topology of the multidimen-

sional energy landscape that guides the system’s fragmen-
The fragmentation of multiply charged clusters driven by  tation dynamics?

long-range Coulomb forcefl-50] bears close analogy to (3) What are the fragmentation channels and under what con-

Coulomb instability of nucle{51-54} droplets[55-58] and ditions are they realized?

pseudo-Coulomb instability of optical molas4g9,60] These (4) What is the interplay between fission, i.e., instability

large, finite, multicharged (or effectively charged) systems span towards dissociation of the multicharged finite system into

a broad size domain of 10-12 orders of magnitude, from two (or a small number of) large fragments and Coulomb

femtometer structures of nucl§1-54] to nanometer struc- explosion into a large number of small ionic species?

tures of large molecules and clusters, to micrometer struc-

tures of irradiated ultracold gas¢s9,60] and to millimeter In our previous studie$48,49] we addressed unifying fea-

structures of droplet§56-58] In general, Coulomb instabil- tures of fragmentation channels driven by long-range Coulomb

ity is due to repulsion between positive charges. In this contexforces in clusters, nuclei and droplets. We studied the ener-

some interesting questions arise regarding the energetics agdtics, fragmentation patterns and dynamics of multicharged

dynamics of the fragmentation patterns of multicharged finitgA*), (=55, 135, 321) Morse clusters. The variation of the

systems: range of the pair-potential induced changes in the cluster sur-

face energy and in the Rayleigh fissibility paramé®ér, 10,21,
(1) How does a finite system respond to a large excess chargd8,49]

X = E(Coulomb)y2E(surface) (1)

* Corresponding author. Tel.: +972 3 6408322; fax: +972 3 6415054. .
E-mail address: jortner@chemsg1.tau.ac.il (J. Jortner) whereE(Coulomb) is the cluster Coulomb energy df{durface)

1 present address: Department of Physics, 6230 Urey Hall, University of callS the cluster surface energy. Molecular dynamics simula-
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1387-3806/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijms.2005.12.029



J. Jortner et al. / International Journal of Mass Spectrometry 249-250 (2006) 184—190 185

(A+)55_){(Ak)k+}
Ofs

&

@
% 200fs
1000fs ’ - %
y o
PreR

Boo" .
° . ® 300fs
b g
1500fs %
&
o
1900fs o go W 400fs
> °% i )
L]
w 8 . ¢ o
% & QB
-]
& ¥, s00fs
g
FISSION $ &
®
T=4000K ° e
& . o @ T=12,000K
D=6.5eV D=5.2eV
a=1A"! COULOMB a=3A"!
Re=2A EXPLOSION Re=3A
X=0.24 X=49

Fig. 1. Snapshots of the time-resolved fragmentation dynamics of highly charggs (Aorse clusters. The potential parameters are marked on the two panels.
The right panel corresponds to af) Morse pair potential with the Rayleigh fissibility parameXer 4.9. The left panel corresponds to@ Morse pair-potential
interaction withX =0.24. The mass of each*Aon is 100 amu, its charge ig=1 and the total cluster chargeZs=n. The Morse pair-potential parameters, Egs.
(2) and (3) are marked on each panel. The transient structures at different tim@sX500 fs) are marked on each picture. Data adopted from{483f.Note the
dramatic distinction between the spatially isotropic Coulomb explosion in the right panel and the spatially anisotropic fission in the left panel.

multicharged clusters that involve spatially anisotropic clustematrix based principal component analysis was apgbédito
fission into a small number of large, multicharged clusters foistudy the effects of the potential on the fragmentation dynam-
X <1, and spatially isotropic Coulomb explosion into a largeics and to explore the structural diversity of the fragmentation
number of individual ions and small ionic fragments fo» 1  processes.

(Fig. 1). The Rayleigh instability limi =1 separates between In the realm of biophysics, highly charged peptides and pro-
spatially anisotropic fission and spatially isotropic Coulombteins were interrogated by mass spectromi@ty62], providing
explosion[48,49] The energetics of the ionic fragments is alsosignificant information on the structure, reactivity, conforma-
qualitatively different for the two fragmentation channels, wheretional changes and folding of “isolated” anhydrous proteins
for fission both the fragments’ total kinetic enerfyny and  [61,62] It is interesting to inquire what the fragmentation chan-
their inner energyEn are high, withExn/Ein ~ 1, while for  nels of multicharged proteins are and, in particular, under what
Coulomb explosiorExn/Ein > 1. We also exploreds0] the  circumstances protein fission and/or Coulomb explosion will be
fission and Coulomb explosion fragmentation dynamics of mulrealized. In this paper we advance estimates of the Rayleigh
ticharged (A)ss Morse clusters. The multidimensional energy fissibility parameter, Eq(1), for model systems that mimic
landscapes for these fragmentation processes were exploredtye characteristics of multicharged globular protdi®s,62]
constructing reduced coordinates utilizing the principal com-Our analysis reveals that the dominating fragmentation channel
ponent analysis, which was previously applied for the energpf multicharged globular proteins involves fission rather than
landscapes and folding dynamics of biomolecules. The distanc&oulomb explosion.
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Fig. 2. Pair potentials for charged Morse clusters. The potential parameters foj paential ¢ =3A-1 Ro=3A, g=1) and for the () potential &= 1AL,
Re=2A, ¢g=1) are marked on the panels. The dissociation energy parameters are marked on the curves.

2. Energetics of multicharged clusters An energetically stable configuration of the *)A cluster
will exist, provided that its energy is negative and lower than
Following our previous work48-50]we consider the ener- the energy of the products in any decay channel, i.e., evapora-
getics of multicharged (8, (n =55, 135, 321) Morse clusters. tion, fragmentation, etc. The (4, clusters may also exist in
The mass of each®on is 100 amu, its charge is=1, and the  a metastable configuration, with being higher than the total
total cluster charge i€ =n. The interionic pair-potential/(R)  energy of the products in some decay channels, but separated
consists of an attractive Morse potential and of Coulomb repulfrom them by a barrierKig. 3). In particular, the energy of

sion: the metastable configuration of clusters is positive, Eex,0
(Fig. 3). To consider the stability or metastability of a cluster we

U(R) = DG(G — 2)+ Bg*/R (2)  introduce alimiting valu®, («,Re,n) for the dissociation energy

where in the pair potential, which provides a stable or metastable con-

figuration of the (&), cluster forD > Dy (a,Re,x). In the case
of (s) pair potentials we find limiting values @_=4.2 eV for
n=55,D =8.1eV forn=135, and)_ =14.2eV forn=321. In

D is the dissociation energy, the range parameteRe is the the case off) pair potentials, the limiting values abg =6.5eV
Morse potential equilibrium distance, ast: 14.4eVA, Two [0 2=55,DL =8.2eVforn=135, andD, =9.6eV forn=321.
sets of Morse potential parameters were used=—A short- For the case of the) pair potential the size dependence of the
range Morse potential with = 1-10 eV = 3A~1, andRe=3A  limiting valueis of the formDy_ o« nz_/3. In the case of the’} pair
(@Re=9, 50 that the interaction between non-neighboring atomB0tential, the dependenceldf onn is considerably weaker than
is negligibly small); ¢): A long-range Morse potential, with for the (5) case. All the cluster potential energies of equilibrium
D=1-10eVa=1A-1 andRe= 2R (aRe=2, S0 that the con- configurations at a minimum energy bf> D, for the potential
tribution of interactions between non-neighboring atoms is ofarameters of classeg @nd ), which are presented #ig. 3,
significance). Pair potentials for charged Morse clusters are pré'€ Positive £>0), corresponding to a metastable state.
sented inFig. 2 The initial r=0 nuclear configuration of the

multicharged cluster is presented in the icosohedral geometd: The liquid drop model for the cluster energetics

of the low temperaturef(= 10 K) cluster. A thermal, Maxwell . _ .
distribution of the ion velocities was obtained after an equilibra-  The potential energies ef= ¢({R%}) and the multicharged

G = exp[-a(R — Re)] 3)

tion time of 1000 fs at the low temperature. metastable (A), clusters =55, 135, 321) at the metastable
The total potential energ§({R;;}) of the multicharged (A), state, which correspond to the minimum of the potential surface
clustersis (at the equilibrium configurationg.}), were analyzed by the
liquid drop model (LDM)[21,48,49,63] The potential energy
E({R;}) = Z ZU(Rij) (4)  (per particle) is
! e=¢ec+eéem (6)

where the pair potential§(R;;) are given by Eqs(2) and (3)
E({R;}) is presented ifFig. 3as a function of the interatomic Where
distance®;; (ij=1,...,n), where we toolR;; = R for all nearest-
neighbor distancesand;. The potential energy landscapes were
calculated per atom:

ec = acn®/® (7
is the Coulomb energy. The Morse energy is

e({Rij}) = E({R;;})/n (5) em=es+ev (8)
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where the surface energyis= asn /3, while the interior energy  librium cluster configuration. Indeed( obeys the approximate

is ey =ay. EQ.(6) is then given in the form: relationa oc (arg) 2. Finally, thea? parameter is larger by a
23 13 numerical factor of~12 for the ¢)-type cluster relative to the
€ =acn™" +ay +asn (®)  (s)-type cluster, obeying the empirical enerdyo (arg)~%/2.

From these results, the energies of the multicharged Morse clus-

Here the LDM param n re sizein ndent. .
erethe parameters, ay andas are size independent ders, Eq(10), can be expressed in the form:

Model calculations of the cluster size dependence of the energi
ec, s andey are presented iRig. 4for (s)-type Morse clusters ¢ = a2(1/ro)n?3 + a%(D/aro) + a?D(1/are)¥?n 13 (11)
with D =14.2 eV and for{)-type Morse clusters with =9.6 eV. )

These highD parameters correspond to the limiting values ~ With the reduced LDM parameters

for theZ/I3argest_sli/23en(: 321) clusters. The LDM scaling laws, 5(& = acro, 2 = ay(aro/ D) = aO(arg).

ecxn® es=n andey = const, are obeyedr{g. 4).

The dependence of the total energfEq. (9), and the LDM a9 = as(aro)*?/ D = ad(aro)*? (11a)
parameters on the Morse potential dissociation enéxgwas
explored[49]. On the basis of our previous analy$#9] we
assert thatic is independent o, while parameters, andas
exhibit a linear dependence dyi.e.,ay = a0D andas = a2D.
The cluster size dependencesafan then be represented in the
form:

being given inTable 1 The reduced LDM parameterg2, a0,
andaE, Eqg.(11a) are independent of the Morse pair-potential
parameters. It is instructive to note that each of these reduced
LDM parameters for thesj and the {) clusters Table 1) are
nearly identical (within 20%), being independent of the nature
and range of the Morse potential. At this stage we can discard the
¢ = acn?/3 + DY 08 + a(s)n—l/S) (10) segregation betweem)(type and {)-type potentials and use Eq.

(11)for the characterization of the energetics of Morse clusters.
whereac, af anda? are independent db and depend on the

Morse pair-potential parametersaandRe. 4. The fissibility parameter
In Table 1 we present the LDM parametess, a0 anda
for the (s)-type and for the 4)-type Morse clusters. An addi- An important parameter, which characterizes the nature of

tional important structural attribute for the energy landscapéhe dominating fragmentation channel of a multicharged cluster,
is the equilibrium bond lengthy. From the energy landscapes is the fissibility parameter, Eq1). On the basis of the LDM
(Fig. 3 we infer that for the bond dissociation energies of chemi-analysis of Sectio8, the fissibility parameter for a (&), cluster

cal interest D = 2—6 eV) characteristic bond lengths age 3A is given by

for the (s)-type potential andg = 1.5A for the (¢)-type poten- ¥ — 5 (12)

tial. For the §)-type potentialg ~ Re, with the bond length in = ec/2es
the cluster being close to the minimum of the pair potential From Eqs(7) and (8)we obtain:

while for the ¢)-type potentiako > Re. The bond lengths man-

ifest a weak cluster size dependence intheb5—-321 domain. X = (ac/2ag)n (13)

From the gata oﬂ(’)able 1we infer that the three LDM param- |t follows from Eq.(13) that for the fragmentation of the {3,
etersac, ay andag for the (¢)-type cluster are larger than for cjyster X ocn. In the more general case of the fragmentation
the (s)-type cluster. The parametey is larger by a numerical  of 5 (A,)Z* cluster of sizex and total charg€ (for Z>> 1), n

factor of~2 for the ¢)-type cluster than for the-type cluster, jn Eq. (13) should be replaced §?/n, whereuporX o< (Z2/n).
obeying the relationc o (ro) =2, which is in accord with the Accordingly, we replace Eq13) by

basic expression for the cluster charging energy.dhgaram- )
eter is larger by a numerical factor of7 for the ¢)-type cluster X = (ac/2as) (2¢/n) (14)

than for the )-type cluster. We expect that the volume energy From the preceding analysis, which led to Et), we infer
parameter is determined by the Morse potential range atthe eql{iiat ac = 5?:(D/ro) andas = D /(aro)¥2. Accordingly, the
= =ag . s

fissibility parameter, Eq(14), will be given by
Table 1 1/2
Parameters for the LDM fit of the equilibrium potential energies for icosohedralX = (c_lg/Za_g)(a?’/zro/ /D)(Zz/n) (15)
(A™), clusters =55, 135, 321)

Finally, the fissibility parameter can be expressed in the form

Potential f «=3A"" Re=3A (D @=1A"MRe=1A  hichiscommon in nuclear physics and in metal cluster physics
ac (eV) 4.8 10.8 [21,63] i.e.,

a'é (eVA) 14.4 16.2 ) )

al -6.9 —50 X =(Z°/n)/(Z%/n)e (16)

al —62 75

& 115 148 where

al 310 280 1/2

o () 3.0 15 (Z2/n)er = (23/aQ)(D/a™?rg ") (17)

The nature of the potential ((s) o)} is specified in the columns. Data fag, Eq.(16)represents the ratio between surface and Coulomb ener-
a2 anda? from Ref.[49]. gies on the single constituent scale. With an uncertainty range
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of +£10% the data oTable 1result in 2./a = 47. For multi- channel with a high barrier will insure the structural integrity
charged large molecules and biomolecules we shall specify tHef proteins in mass-spectrometric experiments. Kinetic energy

Coulomb instability by Eq(16) with release studies of the melittin peptide wit=3 andn =36,
, 32 1/2 which are characterized by a low value 8t/n=0.3, reveal
(Z%/n)¢; = 47D /e ?rg (18)  energetic ionic dissociation with the production of several small

fragments (energies of 1.25eV), presumably induced by local

. . . _6 o
The parameters units in Eq4.7) and (18)re: ¢ (€VA)), (D Coulomb repulsion effects in this moderately small peptide.

o _1 o
(eV)), (@ (A7) and o (A)). Our work provided guidelines for the characterization of the
. . . . gross features of protein fission and Coulomb explosion. Fur-
5. On the Coulomb instability of multicharged proteins ther experimental mass-spectrometric studies and computational

) o , studies of Coulomb instability of peptides and proteins are called
We would like to inquire what the fragmentation pattern of ¢,

multicharged proteins in the gas phase is. In particular, it is
of considerable interest whether multicharged “isolated”, anhyg Epilogue
drous protein fission or Coulomb explosion occurs. This issue

is of importance in the context of the mass-spectrometric inter- o interest in the Coulomb instability and fragmentation
rogation of highly charged polypeptides and proteins in the gagynamics of highly charged proteins was inspired by conver-

phase. S sations of one of us (JJ) with Chava Lifshitz about protein
We shall apply Eqg16) and (18or the fissibility parameter  aqq. spectrometry. This article is dedicated to the memory of

to specify the fragmentation pattern of multicharged globulaich gy, | ifshitz, a wonderful person, a remarkable educator and
proteins[61,62] In spite of its simplicity, we expect that our 4, outstanding scientist.

model (Sectior) for the Coulomb stability of Morse clusters
will provide guidelines for the characterization of the fragmen-Acknowledgements
tation patterns of spherical polypeptides and globular proteins.

The sizen for such biomolecules is specified in terms of the  \ye thank Claude Guet and Thomas Leisner for useful discus-
number of residues, while the total cha{gge is taken from Masssions. This research was supported by the Binational German-
spectrometry, resulting in the value @f/n. To characterize |graeli James Franck program on laser—matter interaction and
the normalization parameteZi/n)cr, Eq. (18), we choose the by the Deutsche Forschungsgemeinschaft (DFG) SFB 450 on

Morse potential parametef3, « andro, and the typical val-  «anajysis and Control of Ultrafast Photoinduced Reactions”.
ues corresponding to chemica-8, N-H, C-N and GO

bonds, which fall in the rangey=1.1-1.4A, @=2.0-2.34~1  poe oo

andD =3.5-11eV. Forthe sal§e ofarough estjmate we take aver-

age values ob=6eV,a=2.2A"1 andrg=1.2A, and estimate [1] K. Sattler, J. Mihlbach, O. Echt, P. Pfau, E. Recknagel, Phys. Rev. Lett.
from Eq.(18) that Z2/n)cr ~ 79. From this heuristic numerical 47 (1981) 160.

analysis we infer that protein fission (f6k 1) will prevailwhen  [2] D. Kreisle, O. Echt, M. Knapp, E. Recknagel, K. Leiter, T.DaM, J.J.
Saenz, J.M. Soler, Phys. Rev. Lett. 56 (1986) 1551.

Zz/n <79 (19a) [3] P. Scheier, T.D. NMrk, Chem. Phys. Lett. 136 (1987) 423.
[4] M. Lezius, T.D. Mark, Chem. Phys. Lett. 155 (1989) 496.
while protein Coulomb explosion (fdf > 1) occurs when [5] AJ. Stace, P.G. Lethbridge, J.K.E. Upham, J. Phys. Chem. 93 (1989)
333.

Zz/n > 79 (19b) [6] S. Sugaron, A. Tamura, Y. Ishii, Z. Phys. D 12 (1989) 213.

. [7] C. Bréchignac, Ph. Cahuzac, J. Leygnier, J. Weiner, J. Chem. Phys. 90

From Egs(19a) and (19bjve infer that large values aPin (1989) 1492.

are requiredto induce Coulomb explosion, while for small values[8] M. Lezius, P. Scheier, A. Stamatovic, T.D.&vk, Chem. Phys. 91 (1989)
of Z2/n fission will be realized. Typical values afandZ cur- 3240.

rently available for globular proteifi61,62]correspond torather [ '('155‘8?":756' H. Ito, A. Ichihara, Int. J. Mass Spectrom. lon Proc. 97
2 _ —- .

IOVZV values otz*/n. For Cyt_OChrome ¢61]n =104 andz=8-19 [10] C. Bréchignac, Ph. Cahuzac, F. Carliez, M. de Frutos, Phys. Rev. Lett.
(Z¢/In=0.5-4), for carbonic anhydrafi,62]n = 260 andZ = 45 64 (1990) 2893.
(Z2In="7), while for G-actin61] n=370 andZ=59 (Z2/n=9).  [11] W.A. Saunders, N. Dam, Z. Phys. D 20 (1991) 111.
For these proteins, the fissibility paramet€r&q.(16), are low, [12] C. Bréchignac, Ph. Cahuzac, N. Kebaili, J. Leignier, A. Sarfati, Phys.
falling in the rangeX=6 x 103 to 0.1. Accordingly, the frag- Rev. Lett. 68 (1992) 3916.

tation pattern of multicharaed bproteins involves spatiall 13] N.G. Gotts, P.G. Lethbridge, A.J. Stace, J. Chem. Phys. 96 (1992) 408.
me.n . P e . . 9 P P 14] H.J. Krappe, Z. Phys. D 23 (1992) 269.
anisotropic protein fission into a small number of large frag{15] w.A. saunders, Phys. Rev. A 46 (1992) 7028.
ments with relatively low kinetic energies (i.&xn/Ein < 1). [16] C. Brechignac, Ph. Cahuzac, F. Carlier, M. de Frutos, Phys. Rev. B 49
Protein fission is expected to involve a thermally activated pro-  (1994) 2825.
cess over a high potential barrier, which is roughly estimated t6/] A- Goldberg, 1. Last, T.F. George, J. Chem. Phys. 100 (1994) 8277.

. . . . [18] U. Naher, S. Frank, N. Malinowski, U. Zimmermann, T.P. Martin, Z.
be Egarrier =~ 0.5 €V, in analogy with our analysis of the acti- Phys. D 31 (1994) 191,

vation energy in the fragmentation dynamics of multichargedigj r. chandezon, C. Guet, B.A. Huber, M. Jalabert, E. Maurel, E. Monnand,
Morse cluster$50]. The existence of the fission fragmentation C. Ristori, J.C. Rocco, Phys. Rev. Lett. 74 (1995) 3784.



190 J. Jortner et al. / International Journal of Mass Spectrometry 249-250 (2006) 184—190

[20] C. Bréchignac, Ph. Cahuzac, M. de Frotos, N. Kebalili, A. Sarfati, Phys[38] F. Chandezon, S. Tomita, D. Cornier, P. Grubling, C. Guet, H. Lebius,

Rev. Lett. 77 (1996) 251. A. Pesnelle, B.A. Huber, Phys. Rev. Lett. 87 (2001) 153402.
[21] U. Naher, S. Bjornholm, S. Fraundorf, F. Gracias, C. Guet, Phys. Rep[39] F. Chandezon, T. Bergen, A. Brenac, C. Guet, B.A. Huber, H. Lebius,
285 (1997) 245. A. Pesnelle, Phys. Rev. A 63 (2001) 051201.

[22] C. Guet, X. Biquard, P. Blaise, S.A. Blundell, M. Gross, B.A. Huber, [40] I. Last, I. Schek, J. Jortner, J. Chem. Phys. 107 (1997) 6685.
D. Jalabert, M. Maurel, L. Plague, J.C. Rocco, Z. Phys. D 40 (1997)[41] |. Last, J. Jortner, Phys. Rev. A 60 (1999) 2215.

317. [42] 1. Last, J. Jortner, Phys. Rev. A 62 (2000) 013201.
[23] O. Shapiro, P.J. Kunz, K. Bhring, P.A. Hervieux, D.H.F. Gross, M.E. [43] I. Last, J. Jortner, J. Chem. Phys. 120 (2004) 1336.

Madjet, Z. Phys. D 41 (1997) 219. [44] I. Last, J. Jortner, J. Chem. Phys. 120 (2004) 1348.
[24] C. Bréchignac, Ph. Cahuzac, N.&Kaili, J. Leygnier, Phys. Rev. Lett. [45] I. Last, J. Jortner, J. Chem. Phys. 121 (2004) 8329.

81 (1998) 4612. [46] I. Last, J. Jortner, Proc. Natl. Acad. Sci. U.S.A. 102 (2005) 1291.
[25] N. Saito, K. Koyama, M. Tanimoto, Chem. Phys. Lett. 300 (1999) [47] I. Last, J. Jortner, Phys. Rev. A 71 (2005) 063204.

262. [48] I. Last, Y. Levy, J. Jortner, Proc. Natl. Acad. Sci. U.S.A. 99 (2002)
[26] J. Purnell, E.M. Snyder, S. Wei, A.W. Castleman Jr., Chem. Phys. Lett. 9107.

229 (1994) 333. [49] I. Last, Y. Levy, J. Jortner, J. Chem. Phys. 123 (2005) 154301.
[27] O. Zhong, A.W. Castleman Jr., Chem. Rev. 100 (2000) 4039. [50] Y. Levy, I. Last, J. Jortner, Mol. Phys., in press.
[28] T. Ditmire, T. Donnelly, A.M. Rubenchik, R.W. Falcone, M.D. Perry, [51] N. Bohr, J.A. Wheeler, Phys. Rev. 56 (1939) 426.

Phys. Rev. A 64 (1996) 3379. [52] L. Meitner, O.R. Frisch, Nature 143 (1939) 239.

[29] T. Ditmire, J.W.G. Tisch, E. Springate, M.B. Mason, N. Hay, R.A. Smith, [53] S. Frenker, N. Metropolis, Phys. Rev. 72 (1947) 914.

J. Marangos, M.H.R. Hutchinson, Nature (London) 386 (1997) 54. [54] P. Moller, D.G. Madland, A.J. Sierk, A. Iwamoto, Nature (London) 409
[30] T. Ditmire, J.W.G. Tisch, E. Springate, M.B. Mason, N. Hay, J.P. Maran- (2001) 785.

gos, M.H.R. Hutchinson, Phys. Rev. Lett. 78 (1997) 2732. [55] L. Lord Rayleigh, Phil. Mag. 14 (1884) 184.
[31] M.H.R. Hutchinson, T. Ditmire, E. Springate, J.W.G. Tisch, Y.L. Shao, [56] D.C. Taflin, T.I. Ward, E.J. Davis, Langmuir 5 (1989) 376.

M.B. Mason, N. Hay, J.P. Marangos, Philos. Trans. R. Soc. London[57] J.F. Widman, C.L. Arrdahl, E.J. Davis, Aerosol Sci. Technol. 27 (1979)

Ser. A 356 (1998) 297. 636.
[32] T. Ditmire, E. Springate, J.W.G. Tisch, Y.L. Shao, M.B. Mason, N. Hay, [58] D. Duft, H. Lebius, B.A. Huber, C. Guet, T. Leisner, Phys. Rev. Lett.
J.P. Marangos, M.H.R. Hutchinson, Phys. Rev. A 57 (1998) 369. 89 (2002) 084503.
[33] E. Springate, N. Hay, J.W.G. Tisch, M.B. Mason, T. Ditmire, M.H.R. [59] L. Pruvost, |. Serri, H.T. Duong, J. Jortner, Phys. Rev. A 61 (2000)
Hutchinson, J.P. Marangos, Phys. Rev. A 61 (2000) 063201. 053408.
[34] J. Kou, N. Nakashima, S. Sakabe, S. Kawato, H. Ueyama, T. Urano, T60] J. Jortner, M. Rosenblit, Adv. Chem. Phys. 132 (2005) 247.
Kuge, Y. Izawa, Y. Kato, Chem. Phys. Lett. 289 (1998) 334. [61] S. Cherokee, A. Hoaglund-Hyser, E. Counterman, D.E. Clemmer, Chem.
[35] V.P. Krainov, M.B. Smirnov, Phys. Rep. 370 (2002) 237. Rev. 99 (1999) 3037.
[36] M. Lezius, S. Dobosh, D. Normand, M. Schmidt, Phys. Rev. Lett. 80[62] J. Laskin, C. Lifshitz, J. Mass Spectrom. 36 (2001) 459.
(1998) 261. [63] P. Heyde, Basic Ideas and Concepts in Nuclear Physics, Institute of

[37] J. Daligault, C. Guet, Phys. Rev. A 64 (2001) 043203. Physics Publishing, Bristol, 1994.



	Coulomb instability of multicharged proteins
	Introduction
	Energetics of multicharged clusters
	The liquid drop model for the cluster energetics
	The fissibility parameter
	On the Coulomb instability of multicharged proteins
	Epilogue
	Acknowledgements
	References


