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Multielectron ionization and Coulomb explosion of methane clustersXCA = H, D, and T, in very intense

(I = 10*®¥-10" W cm™?) laser fields were studied using classical dynamics simulations. The products of
Coulomb explosion involve light Aions (p, d, and t nuclei) with energies up to 20 ke @ns atl = 10'8

W cm2, and C" ions (carbon nuclei) with energies up to 110 keV at 10° W cm™2. Important advantages

of nuclear fusion driven by Coulomb explosion of methan&™£G "), and (C"A4"), heteronuclear clusters
pertain to energetic effects, with the heavy multielectron ions driving the lightDH, or T+ ions (d or t
nuclei) to considerably higher energies than for homonuclear deuterium clusters of the same size, and to
kinematic effects, which result in a sharp high-energy maximum in the light-ion spectrum for4h&,({,

and(C A4, clusters. We studied the energetics of Coulomb explosion in conjunction with isotope effects
on the product A and C* ions energies and established the cluster size dependence of dd and dt fusion
reaction yields from an assembly of Coulomb-exploding clusters. THenGclei produced by Coulomb
explosion of (C*D4"), (N = 5425) clusters are characterized by an average energy, ef 65.2 keV and a
maximum energy offy = 112 keV. A search was undertaken for tH€5" + H* fusion reaction of
astrophysical interest.

I. Introduction of the NFDCE of heteronuclear water clusters,)} and
(T20), >® demonstrated that the highly charge® @ns provide

The search for nuclear fusion driven by cluster dynamics
. US| v y ¢ y ! a trigger for driving the light D and T+ ions to a considerably

stems from the 1989 Brookhaven experiméats high-energy : o - i )
deuterated clustemwall collisions, which, unfortunately, did not ~ Nigher kinetic energy than is obtained in homonuclegabd
provide information on cluster impact fusion. Compelling Tnclusters of the same size. For example, the maximum kinetic
experimental and theoretical evidence for nuclear fusion reac- €nergy.Ew, of deuterons produced by Coulomb explosion of a
tions driven by Coulomb explosion (NFDCE) of an assembly homonuclear Bsg cluster with radiusRo = 25.4 A isEy =

of deuterium-containing molecular clusters was recently 1.9 keV, whereas the heteronuclear clustex¥J2,7>with almost
advanced:® The irradiation of molecular clusters by ultrashort the same radiuB, = 25 A provides deuterons witiy = 10.8
(tens of femtoseconds) and ultraintenise: (10— 109 W cm2) keV.® On the experimental front, Coulomb explosion of mo-
laser pulses results in Coulomb explosion of these clusters andlecular heteronuclear clusters with deuterium was experimentally
in the formation of high-energy atomic ions!® Zweiback et studied for ammonia clusters (NJ3.” Coulomb explosion of
al.34 demonstrated that the Coulomb explosion of large deute- heteronuclear clusters with hydrogen atoms was studied, in
rium clusters (cluster radR ~ 10—50 A) provides deuterons  particular for methyl iodine cluste¥s and hydrocarbon®.

that are capable of performing the dd fusion reacfidns However, the possibility of nuclear reactions was not considered
5 for these interesting systems. A heteronuclear system providing
d+d—He +n+3.27 MeV (la)  deuterons for nuclear fusion from an aerogel with absorbed

deuterium was recently suggestéd.

In this paper, we consider the NFDCE of heteronuclear
The perspectives of the fusion reaction 1a for the production of methane (CA), A = H, D, and T, clusters. The methane
time-resolved (100 ps10 ns) neutron pulses are of considerable clusters, in analogy with the water clusters previously studied
interest? When the clusters contain a mixture of deuterium and by us®® are expected to provide energetic nuclei of the light A
tritium atoms, the NFDCE can also result in the dt fusion atoms that are driven to high energies by the multicharged C
reactiort® ions. Also the multicharged*C ions become highly energetic

particles. In the case of full ionizatiok € 6), the carbon nuclei

d+t—He'+n+17.6 MeV (2) can contribute to nuclear reactions. Despite intrinsic interest in
the reactions of & nuclei for astrophysical applicatiods?2?
the cross sections of such reactions are very3We present
a calculation of the reaction yields for the#d d and d+ t
NFDCE of methane clusters. The energy spectrum of the reagent
nuclei is determined here, as in our previous stutlfdsy the
simulation of the ionization and Coulomb explosion processes
t Part of the special issue “R. Stephen Berry Festschrift”. in these clusters. We hope that these calculations will be
*To whom correspondence should be addressed. subjected to experimental scrutiny.

d+d—t+p+4.03 MeV (1b)

We proposed and demonstratédhat an effective way to
produce energetic deuterons and tritons for the NFDCE is
provided by Coulomb explosion of molecular heteronuclear
clusters (ABy)n, where the light one-electron A atoms (AD

or T) are bound to heavy multielectron B atoms. Our simulations
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Il. Methodology of the Simulations to the simplifications used here for the structure of the clusters.
. . . We treat the (Cl), clusters with the number of molecules=
In the present work, the simulations of cluster multielectron 201, 459, 1061, 2171, 3463, and 5425 and the corresponding
ionization and Coulomb explosion were performed for a radii Ry = 14.1, 18.9, 25.2, 31.8, 37.0, and 42.9 A. The products
Gaussian-shaped laser pulse with a temporal half-full width at o¢ c6j10mb explosion of these clusters aré ipns (deuterons)
a half-maxn_num of 25 fs. The field frequencysis= 0.35 f.gl' . and carbon ions €. To study the isotope effects on Coulomb
corresponding to a photon energy of 1.44 eV. Taking into gy osion, simulations of hydrogen-(GHand tritium-contain-
account that the radii of the clusters pon5|dered by us are ing (CT,). clusters were also performed for= 2171 clusters.
considerably smaller than the penetration depth of the laser \yjihin the framework of the SICI approximation, one needs
radiation?* we assume that the light intensity is independent of 1, getermine the level of carbon atom ionization. In molecular
the gpanal coordmate_s. ) ~ clusters, the barrier suppression mechadidior atomic mul-
Prior to the switching on of the laser field, the cluster is tjglectron ionization dominates over the collisional ionization

initially composed of neutral molecules. After the laser field is  mechanism, so that the ionization level of tHe @ns depends
switched on, the process of cluster inner ionization starts, on the jonization field strengthio28-3°

resulting in the removal of bound electrons from their host atoms
and the transformation of neutral atoms into charged ions. The
unbound electrons generated by the inner ionization form a
plasma within the cluster that is initially neutral. The laser field ) o o
can remove these electrons from the cluster to infinity, resulting WhereB = 14.385 eV/A and is the ionization potential (in

in the subsequent process of outer ionization. Concurrently, outerélectronvolts) of thé-fold charged ion. According to eq 3, the
ionization is accompanied and followed by Coulomb explosion. field strength iseFon > 3.2 eV/A for the light A (H, D, T)

In the dynamic simulation of cluster ionization, the bound atoms (o = 13.6 eV), andeFRo, > 2.2, 5.2, 13.3, 18, 535, 690
electrons are not explicitly treated, and the inner ionization is €V/A for k = 0-5 for the C atoml = 11.3, 24.4, 47.9, 64.5,
described as the generation of unbound electtrié. The 392, and 488 eV fok = 0-5, respectivel§f). At the pulse
methodology of the present simulations of cluster ionization and Peak forl = 1.018_1019 W cm? considered herem, the field
Coulomb explosion is identical to our previous studiég8 It strength amplitudesefo = 2.745x 10 7I1¥2eV/A, with | in W

is based on the sudden inner cluster ionization (SICI) ap- CM 2 are in the rangeF, = 274-868 eV/A. The ionization
proximation. The SICI approximation implies that, at the starting Processes in our simulations start when the laser intensity | is
point for the outer cluster ionization and at the temporal onset four times lower than at the pulse peak. Consequently, at the
of Coulomb explosiont(= 0), all of the relevant electrons are  Peginning of the ionization processes<(0), the field strength
already removed from their host atoms and become unboundrange isef, = 137-434 eV/A. Such a field strength is
electrons. It is also assumed thatt at0, the unbound electrons ~ Sufficiently strong to ionize the light A (H, D, T) atoms and to
are motionless and located in the proximity of their host atoms. 'emove the valence electrons from the C atom. The removal of

Such an approach significantly simplifies the simulation by the first 1s electron from € occurs at field strengths @fFon_
excluding from it the initial stage of the inner ionization > 535 eV/A, which are qonaderabée Iarggg than the field
proces®8 Detailed numerical studi&s have established that ~ Strength of the laser intensity bf= 10" W cm™2 (ef = 274

the time scale of the inner ionization of large X¢D-),, and eV/,B_\)_ Accordingly, atl = 10'® W cm™2, the inner electrons
(D;0), clusters i = 50-4000) in a laser field of = 1016— are intact, whereas all valence electrons are removed so that

10'8 W cm~2 (and frequency of 0.35 fd) is in the range of ~ the carbon atoms becomée"Cions. The @t ions provide a

1-2 fs. This time scale is sufficiently short to warrant the trigger for driving the light D ions (deuterons d) to high kinetic
validity of the SICI approximation. The unbound electrons and €nergies. At even higher laser intensities, corresponding to field
the ions are considered as classical part®48825The unbound  Strengths okFen > 690 eV/A, C atoms are deprived of all of
electrons can be treated classically when their de Broglie their inner electrons and become carbon nucléf.CThis
wavelength is considerably smaller than the internuclear Criterion is fulfilled at the peak field strengtieffo = 868 eV/
spacingd. According to our previous simulatiofishe average ~ A) of the laser intensity = 10" W cm™2. However, at the
kinetic energy of the electrons increases strongly with the laser P€ginning of the pulset (= 0), when the field strength is 434
intensity| and represent&. > 150 eV at a laser intensity of eV/A, which is about one-half of the pulse peak, the laser field
= 5 x 10 W cm2 Such an energy corresponds to the ¢an remove only the first 1s electron but not the second one.
wavelengthl ~ 1 A, which is much smaller than the-@ Taking into account the Gaussian shape of the pulse, we found
distanced = 4.4 A in methane clusters. Accordingly, we expect that the laser field exceeds the minimum of 535 ey/A required
that, forl > 5 x 105 W cm2, the quantum effects of the to remove the second 1s electrontat 5 fs, which is a short
electron motion are not of considerable importance, so that thetime compared to the pulse width of 25 fs. This time might
classical approach can be accepted. The classical simulationd€come even shorter as a result of the ignition mechanism,
of the molecular dynamics of the unbound electrons are Which enhances the inner ionizati&trom these considerations
performed on the femtosecond time scale#610-13s), using we infer that, in the framework of the SICI approximation, a
attosecond (108 s) time steps. methane cluster can be considered at 10'* W cm™2 as a
(C* D4 1), ionic frame, which initially yieldsNe = 8n unbound
electrons. Considering the pulse intensityl f 101° W cm2,

we ignore the short delay (of5 fs) in the ionization of the
last carbon electron and consider a cluster as®ad¢h), ionic
frame withNe = 10n initially unbound electrons.

leF,,| > 1, 74B(k + 1) ()

on

In the present work, outer ionization and Coulomb explosion
simulations were performed for methane clusters {gAvith
an emphasis on the deuterium containing=A, clusters. The
clusters are subjected to laser irradiation in the intensity range
| = 10'8-10" W cm2. The clusters are described as being
made up of uniformly distributed CPmolecules with a €D
distance of 1.09 A. The density of the (@Rclusters is taken
to be equal to the density of liquid methat¥es.g.,p = 0.016 The description of the Coulomb explosion of clusters is
A-3 per molecule. The results are not expected to be sensitivesimplified in the case of vertical ionization, which involves a

. Isotope Effects
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separation of the time scales between the removal of all unboundTABLE 1: Kinematic Parameters s = gamc/gcma and nc

electrons from the cluster (outer ionization) and the cluster
spatial expansion. This picture provides a semiquantitative
description of the energetics and the time scales for Coulomb
explosion3® For a homonuclear cluster with an identical charge
g on each atom and a uniform atomic dengifyhe final kinetic
energy of an ion is equal to its initial potential energy in the
charged clustér

ER = (F)pdoR, R=R, )
whereRis the initial distance of the ion from the cluster center
andRy is the neutral cluster radius. The kinetic eneEjy has

a maximum value for ions initially located at the cluster surface
at R = Ry, which is given by:5®

47
Ev =[5 JBoRs ®)
The energy distributioP(E) inferred from eq 4 i%
PE) = JEEI™ E<E, ©)
and
P(E)=0, E>E, (6"

The energy distribution in eqs 6 and f@rovides the average
energy

3 4
Ea= (5w =5 |BeoR? ™
5 5
Using the relation for the numberof atomic constituents) =
(47/3)pRo3, we obtainE,, 0 n?3. The dependence &,, on the
number of particles is

E

367\1/3
w=(1zg BLPN” ®)

125

This result is in accord with the expression for the Coulomb
energy within the liquid drop model of nuclear and cluster
matter34

The Ey and E,, energies for homonuclear clusters are
proportional taRy? (or n23), do not depend on the laser intensity
I, and exhibit a minor isotope effect due to the cluster density
p. According to the simulations performed for,@and T,
clusters, the simple dependence Bf on p, ¢?, and Ry
expressed by eq 5 is well satisfied in the limit of the vertical
ionization condition$:® The energy of ions increases with their
charge agp, so that multielectron atoms (e.g., Xe atoms) with
g > 1 can provide very high energies of about 1 Mé&\V.
Deviations from egs 5 and 7 are manifested v and Eay,

= gcma/gamc, A = H, D, and T, of the (CAy), Clusters

A
cluster ion B D T
(C*A)n At 3 15 1
C* 0.33 0.67 1
(C* A4, At 2 1 0.67
Co* 0.5 1 15

charge, then we obtain, in analogy with the homonuclear cluster
(egs 5 and 7), the energetic contributions to the maximum and
the average energfes

By = (3 JBla, + ke)apR’ ©)

Ea = ('£)BGA +kep)apRS (10)
with p being the molecular density ampbeing equal taja or
gs for light and heavy ions, respectively; in the case of methane
clustersk= 1,1 =4,qa = 1, andgs = 4 or 6. Methane clusters
(0 = 0.016 A3 per molecule) provide, according to egs 9 and
10, the light-ion energy that is 2.56 times (fgg = 4) or 3.2
times (forgs = 6) larger than the light-ion energy provided by
homonuclear (D) clusters p = 0.05 A3 per atom) with the
sameR, (see eqgs 5 and 7). Next, we consider the kinematic
effects. These effects modify eqs 9 and 10 when the light (A)
and heavy (B) ions initially located at the sarReexhibit
different accelerations. The relation between the acceleration
of the light (A) and the heavy (B) ions is determined by the
kinematic parametey (ref 5)

1 = GaMg/0pMy (11)
Forn > 1, the light ions attain a higher acceleration than the
heavy ions located initially at the same distariReHigher
acceleration leads to a higher velocity so that the light ions can
overrun the heavy ions, thus attaining stronger repulsion and
consequently larger kinetic energy. The reverse situation happens
for n < 1. The kinematic parameters for carbon ions=<BC,
mg = 12) and for A= H, D, and T are presented in Table 1.
The kinematic parameters for the light A atoms decrease with
increasing the atom massa. It follows that, in the sequence
of (CHg)n, (CDg)n, and (CTy), clusters, the energy of the light
ions is expected to decrease, while the energy of tHei@hs
(k = 4, 6) is expected to increase with increasing the mass of
A*. This isotope effect is well manifested by the simulation
data in Figure 1 for the average enerdij of H*, D*, T+,
C*, and C" resulting from Coulomb explosions of
(C*D4M)2171produced at = 1018 W cm™2 and of (GTD4M)2171
produced att = 10" W cm™2 (A = H, D, T). Thus,E,, of
tritons produced from the charged{(®,), clusters is less by
about 30% tharc,, of the protons produced from the charged

becoming smaller than predicted from these relations when the (CktH4 "), clusters forl = 10*® W cm~2 (when the light ions

laser intensity | decreases below some “critical” vallyéRo),>
which is insufficient to induce the effective vertical ionization,
e.g., | <2 x 10" W cm2 for Dgoo7 (Ry = 34 A)® A small
positive deviation from the relatioBy 0 Rs? (eq 5) was also
detected at very strong laser intensifies 108 W cm~2 because
of the direct acceleration of ions by the outer fiéld.

are driven by ¢"), and by almost 100% fdr= 10 W cm2
(when the light ions are driven by?€) (Figure 1a). The energy
Eav Of the carbon ions produced by the charged{G"),
clusters is larger by about 50% than that produced by the
charged (€"H4"), clusters (Figure 1b). The dependence of the
maximum energ¥y on the kinematic parameteris manifested

In the case of heteronuclear clusters, the final kinetic energiesin a less distinct way. The maximum energies of light ions

of the ions are determined both by energetic effects and by
kinematic effects. Consider first the energetic effect. If one
assumes that the velocity of all ions located at distdR@®m

driven by either &" or CF are almost identical for all three
isotopes (Figure 1a). The difference between the isotope effects
on E, andEy can be traced to the kinematic effects on the ion

the cluster center is the same, regardless of their mass andenergy distribution (see above).
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Figure 1. Dependence of the average eneky and the maximum
energyEwy of ions on the masm of the light atoms A=H, D, T for
the (CAy)2171 clusters (radiuf, = 31.8 A). Eay, solid lines;Ey, broken
lines. The ionized methane molecules areAS™ and CTA," at the
laser intensities = 108 and 10° W cm2, respectively. Theé,, (O)
andEw (O) values for vertical ionization, derived from eqgs 9 and 10,
are marked by circles and inserted at th@alues with the kinematic
parameten = 1 (m= 2 for C**A,* andm = 3 for C**A,"). (a) Energy

of light ions A*. (b) Energy of heavy ions € and C*.

>

When the kinematic parameterjs= 1, the light and the

Last and Jortner

simulation values. There are two reasons for the relatively large
differences between the theoretical and simulation valu&s, of
First, the maximum energ¥y is much more sensitive to
kinematic effects than the average enefgy Second, the direct
acceleration of ions by the laser field mentioned above
contributes tdEy.8 Its contribution toE,, is expected to be rather
small as a result of the averaging over the ions moving along
the field direction and opposite to the field direction.

The energy distributioP(E) of the light A" ions (nuclei)
for the Coulomb explosion of (€A4)2171 clusters [ = 1018
W cm~2) is shown in Figure 2a. In the case of tdnd D' ions,
when the kinematic parametgris larger than unity (Table 1),
the energy spectrum exhibits a large maximum located close to
the maximum energ¥wu. This manifestation of the kinematic
effect implies that the energy of most of the product protons or
deuterons lies in a relatively narrow high-energy interval. This
physical situation was previously observed fof @ns from
the Coulomb explosion of (BFO%™),, clusters® The peaked high-
energy distribution for D facilitates the NFDCE.The energy
distribution is qualitatively different for Coulomb explosion of
(C*T4")2171 clusters whose kinematic parametemis= 1. In
this caseP(E) increases smoothly with up to ank value close
to Em. Such behavior is typical for homonuclear clusters under
conditions of vertical ionization when the energy distribution
P(E) is proportional to the square root Bf according to eq 6.

The influence of the mass of the light atoms on the energy

heavy ijons are expected to move with the same Velocity’ distribution of the carbon ions is demonstrated in F|gure 2b for

ensuring the validity of eqs 9 and 10. Tkg, andEy values of
egs 9 and 10 are marked on Figure 1 for the correspording
values (my = 3 for| = 1018 W cm2 andm, = 2 for | = 109

W cm2). The E, values fory = 1 obtained from eq 10
practically coincide with the simulation results. As for the

(C& A4)2171 clusters subjected o= 10 W cm~2 irradiation.
The product €+ ions (carbon nuclei) for A==Hand D ¢ < 1,
see Table 1) exhibit a broad energy distribution, which
somewhat resembles tR¢E) curve of the homonuclear clusters.
In the case of =T (y > 1), the energy distribution does not

maximum energyEy, such a coincidence occurs in one case considerably differ from the distributions for A& H and D,

only, namely, @*, | = 108 W cm2 (Figure 1b). In all other
cases, theky values of eq 9 forp = 1 are lower than the
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Figure 2. Kinetic energy distributiorP(E) of ions (nuclei) produced by Coulomb explosion of (§Ar: clusters Ry = 31.8 A) for A=H, D, T
isotopes. Thd?(E) curves are normalized to unity. The kinematic paramepefesq 11) are marked on the curves. B{E) of light A* ions for|
= 108 W cm2 (from C**A;T). (b) P(E) of heavy C* ions forl = 10 W cm2 (from C**A,%).
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Figure 3. Dependence of the averafg, and maximunEy energies Figure 4. Kinetic energy distributionP(E) of ions produced by
of the ions on the cluster square radRi. E,,, solid lines;Ew, broken Coulomb explosion of the (CIazs (Ro = 42.9 A) cluster (solid lines)
lines. (a) Energy of D ions for Coulomb explosion of methane (&P and of ions in thermal equilibrium (broken lines). The thermal
clusters and of deuteriumRlusters. (b) Energy of heavy ions{C distribution is characterized by the temperatlirgorresponding to the
for | = 10" W cn? and C* for | = 10'° W cn?) for Coulomb explosion average energ., of that produced by Coulomb explosioflkT =
of methane (CL), clusters. Ea). TheP(E) curves are normalized to unity. The kinematic parameters

7 (eq 8) and the average energigg are marked on the curves. (aj D
ions (deuterons d). (b) Carborf-Cions and carbon € nuclei.

IV. Energetics of Coulomb Explosion
The ability of product deuterons to contribute to nuclear With energiesEs, = 25 keV andEy = 65 keV and C nuclei

fusion is determined by their kinetic energy. As stated above, (I = 10 W cm™?) with energies as large &, = 65.2 keV

this energy increases proportionally to the square of the clusterandEw = 112 kev. o

radius, Ry2, provided that vertical ionization conditions are ~ The kinetic energy distributioP(E) of the product ions is

satisfied. The violation of vertical ionization conditions leads Portrayed in Figure 4 for the maximum cluster size of sks

first to the slowing of the energy incre&$eand finally to the ~ The energy distribution of the deuterons (Figure 4a) Ifer

decrease of the energy with increasiRg®>26 The results of ~ 10'® W cm™2 [Coulomb explosion of (€'D4")s42q exhibits a

the simulations presented in Figure 3 show that, in the limit of high maximum located close to the maximum enefgy like

the (CDy), cluster sizes considered hereify (< 43 A), the in Figure 2a. As noted before, such energy distribution patterns

energies of the b, C**, and G ions for a fixed laser intensity ~ are typical for the kinematic parametgr> 1 (Table 1). In

are well represented by the proportionalityRe? (egs 9 and contrast, a broad energy distribution of deuterons is exhibited

10), which indicates the validity of the vertical ionization picture. for I = 10 W cm~2 [Coulomb explosion of (€'D4")sszd when

The average energid, are close to those of eq 10 for= the kinematic parameter ig = 1. Similar distributions

109 W cm—2 when C* ions are formed and the kinematic characterize the@© and C ions (Figure 4b) whose kinematic

parameter i = 1. In the case of = 108 W cm 2, when G+ parameters arg = 1 andzn = 0.67 forl = 10 W cm™2 (C*)

ions are formed, eq 10 underestimates the deuteron engrgy ( @nd for 188 W cm2 (C**), respectively (Table 1).

> 1) and overestimates the carbon ion enenmgy<(1) due to The energy distributions for Coulomb explosion of methane

the kinematic effects, which were discussed in section llI. clusters are Compared in Figure 4 with the thermal distributions
for the same average energtes. The energy distributions for

The average enerdy,, of the deuterons (Figure 3a) is only . L o ) .
about 9% higher fot = 10'° W cm~2 (carbon ions €*) than Coulomb explosion exhibit a significantly larger fraction of high-

for | = 1018 W cm2 (carbon ions €. Taking into account energy particle; Fhar? expectgd for the thermal distribution.
the difference in the C-ion charges, the difference in the energies 1OWeVer, the distributions obtained for Coulomb explosion lack
E. (according to eq 10) is expected to be considerably larger, th(_e hlgh-energy ta_ul manlfes_,ted for t_he thermal distribution
i.e., by 25%. The small difference between the & values (Figure 4), w'h|ch7 is of considerable importance for thermo-
in Figure 3a can be explained by the kinematic effects in the Nuclear reaction¥’

(C**D4")n cluster with > 1, which contributes to the
augmentation of the deuterons’ energy. The situation is the
reverse for carbon ions (Figure 3b), where the kinematic effects In NFDCE experiments, the fusion reaction takes place when

V. Nuclear Fusion

increase the difference between tBg values of G+ atl = the energetic light nuclei (e.g., the deuterons) produced from

10 W cm2 and of & at 10°° W cm™2, different clusters collide with each oth&ff Under the conditions
The maximum size of methane clusteRs € 42.9 A, number of the Lawrence Livermore experiméritand according to our

of deuteronsnp = 21 700) subjected herein to the= 108 previous analysi&dd collisions occur some 70 fs after the onset

W cm2 laser intensity provides deuterons wigh, = 10.1 keV of Coulomb explosiofi.At t > 70 fs, the reaction volume can
andEy = 15.1 keV. A deuterium cluster with the same size be described as a homogeneous gas of uniformly distributed
(Ry = 43 A, np ~ 16530) subjected to the same laser field nhuclei and with randomly oriented velocities. The fusion rate
provides deuterons whose energies are about three times smallein such a gas is

i.e.,Eay=3.43 keV andEy = 5.6 keV (Figure 3a). As expected,

the energy of the carbon ions is much higher than the energy R= llz,orme (12)

of the deuterons. For example, the maximum-size methane

cluster R = 42.9 A) provides & ions ( = 10 W cm2) wherep; is the deuteron density inside the reaction volwhe
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Figure 5. G(X) function (eq 18) for different energy distributions. Data

are given for the thermal and Gaussian energy distributions (eq 22)

with different width parameter8 and monoenergeti@(= 0) energy
distributions (marked on the curves).

v is the relative velocity of the colliding nucles, is the fusion
cross sectiod?® and the brackets mean the average over the
energy distribution of the colliding nucléf. Averaging over the
colliding particle energie&; and E; in the laboratory frame
and over the collision angle, one obtains

V= % [7P(E,) dE, ["P(E,) O, [o(E)
(2E/m)*? sina da. (13)

with the energy distributio normalized to unity. The collision
energyE, which is required for the calculation of the fusion
cross section, is

E=E, + E, —2(E,E,)"* cosa (14)
The fusion reaction cross sectio(E) is usually expressed by
the equatiof?39.40

o(E) = (g)exp(—A/Em), (15)
whereA is a constant but the paramet®depends, generally
speaking, ork. Because this energy dependence is weak, in
the absence of resonances, the paranttam be considered
as a constart®49The following units are used in eq 1% in
keV, Sin keV cn?, andA in keVY2 Substituting eq 15 with a
constant value o8 into eq 13 and replacing; andE; by the
dimensionless variableg = Ei/Ea andx, = E»/E,y, One obtains

V= g(/—f)m‘lfzxe(X), (16)
where m is expressed in amu and the units’ transformation
coefficient is¢ = 4.395 x 10’ erg’2 g2 kevV-12 X is a
dimensionless parameter

[ A
X= (E 1/2)
A

and G(X) is a reduced function that is determined only by the
energy distribution function

17)

1 00 00 T —
G(X) =3 [P dxy [TPOG) dx, f(x
expXx 3 sina do (18)

Last and Jortner
with

X=X, + %, —2(X,%,)"? cosa. (19)

We note in passing that the dimensionless param&tei eq

17 is expressed by the average eneify, whereas the
corresponding parameter of ref 6 (denoted thereTRy is

expressed by the maximum enerigy. Thus, theG functions

of the present work and of ref 6 are different.

In the simplest case of monoenergetic particles (energy
distribution P represented by & function), theG function
becomes

7/2 .
G(X) = . cosa exp[-X/(2sina)] da (20)
When the parameteX is large,X > 1, only a. angles close to
/2 contribute to the integral of eq 20, which results in the
analytical expression
X
X

Equation 21 can be used ¥t> 5 with an error of 20% foX
= 6 and of 5% forX = 10. At X > 15, the error becomes less
than 2%.

The energy distribution of the product ions of Coulomb
explosion (Figures 2 and 4) is characterized by the presence of
the clear-cut maximum enerds and the tendency d?(E) to
increase withE up to the vicinity ofEy. As the low-energy
particles do not contribute significantly to the fusion reaction it
is possible to describe the energy distributi®(E) by a
Gaussian, which roughly fits the high energy part of B{E)
function® It is convenient to represent such an energy distribu-

x X | (E EEa\I)Z\ ,
av\/_il av

wherey stands for the fraction of ions whose energy lies inside
the GaussianH(E) in eq 22 is normalized t@], Ec = €Eay is

the Gaussian center, af,, is the Gaussian width. Th8(X)
function for the arbitrary Gaussian of eq 22 is readily expressed
in terms of theG function for the standard Gaussian wijth—=

€ = 1 by the scaling relation

G(X) = )3( exp(—X/2)(1 - 1)

P(E) = (22)

Gy,e,()(x) = yzeilIZGl,l,(;‘(S()v (23)

where

0=06le, X=X 2 (24)
The results of the numerical integration®€X) (eq 18) for the
standard Gaussian with= ¢ = 1 are presented in Figure 5 for

a few values of) including the monoenergy(= 0) case of eq

20. The G(X) function for the thermal distribution is also
presented in Figure 5. Using tt&(X) values of Figure 5 and

the scaling relation in eq 23, it is possible to calculate @Ge
function for any Gaussian energy distribution (eq 22), and
consequently to determine by eq 16 the[value for any fusion
reaction whose cross section is represented by eq 15. The
dependence dbv[bn the average ener@, is shown in Figure

6 for the monoenergetic case, for the standard Gaussian
distribution ¢ = ¢ = 1) with & = 0.8, and for the thermal
distribution. Figure 6 present®vlof the dd reaction, eq 1

(A =45 keW2andS= 1.8 x 10722keV cn¥), and of the dt



Nuclear Fusion Driven by Coulomb Explosion J. Phys. Chem. A, Vol. 106, No. 45, 20020883

1075 For example, in the case of the cluster with radigs= 42.9
............. A, subjected to the laser intensity= 101 W cm 2 (Eq, = 11

T keV), [bv= 2.7 x 1071° cn? s71 (Figure 7b). A 33% higher
value is produced by the thermal distributi@n= 3.6 x 1071°
. cm? s In the case of a smaller cluster willy = 25.2 A and
v=3.76 keV, the thermalsv[value is 2.5 times larger than
: the [dvOvalue provided by the Coulomb-exploding clusters.
A thermal When the energy distribution _is narrow (Figure 4a), [ﬂre_D
WL Caussican 0-0.8 value for the Coulomb-exploding (€D4"), cluster is well fit
L monocnergefic by the [dvOvalue of the monoenergetic distribution wigh=
: 1.2 andy = 0.8 (Figure 7a). When the energy distribution is
broad (Figure 4b), thésv[value for the Coulomb-exploding
- i (C& D4 M), cluster is well fit by theldvOof the Gaussian (eq
JiL S S S T S 22) for the same: andy parameters but with a finite width
2 4 6 8 10 12 14 16 18 20 6 = 0.6 (Figure 7b).
Ew(keV) Using the fusion parameters obtained for the methane cluster
Figure 6. Dependence of the fusion paramefi&rfor the dd and dt (Figure 7) we can estimate the dd reaction yi¥lgher laser
f_usion reactions on the average enekgyfor va_rious energy distribu- pulse from the relatiohf
tions. Data are given for the thermal, Gaussian (egf22,0.8), and
monqenergeticE( =0) energy distributions. The three lower curves Y=RN /v (25)
are given for the dr d reaction (eq 1), and the three upper curves are
given for the d+ t reaction (eq 2). whereR is the reaction rate (eqs 12 and 1B)js the number
of deuterons in the reaction volumg, | is the mean path of
deuterons inside the reaction volume, amds the average
(g 9N €*Dj)y velocity of the reactive deuterons. Adopting the experimental
conditions of the Lawrence Livermore groéipthe following
parameters were used: deuteron dengity 2 x 10Y%cm3,
number of deuteronsl = 1.2 x 10, and mean free path=
0.016 cmf The velocity was identified with the maximum
energyEn.f In the case of the maximum cluster size used herein
(Ro = 42.9 A) and laser intensity= 10 W cm2 (Eg, = 11
keV andEy = 20.5 keV), the velocity i$ = 1.4 x 10°.cm s1,
and the fusion parameterligv= 2.7 x 10719 cm? s~ (Figure
7). Substituting these values into eqs 12 and 25, we obtain
simulation 3.7 x 10 for the neutron yield. In the experiments with deuteron
clusters? the yield was significantly smaller, i.e., less thart.10
102 \ ) . . . . . ) Our theoretical analysis again demonstrates the enhancement
25 30 35 40 45 25 30 35 40 45 of NFDCE of heteronuclear deuterium-containing clusters. Our
R,&) R(&) estimates of the nuclear fusion rates and yields consider an
Figure 7. Dependence of the paramet@wfor the d + d fusion ensemble of heteroclusters of identical size. In the NFDCE
e toneis) e a pemn s St nonan  SXPEMeNtS: e ensemble of clusters correspords 10 2
simu?a}t/tions (solid lines) and for therr%al equilibrium with thrt)a same distribution of dlﬁerent cluster S'Z?s' which affects the energetics
average energieB., (dashed lines). We also present tibevalues of the product nuclei and the fusion rafés®To make contact

obtained from a Gaussian fit G(E) (eq 22, dotted lines). (a) lonized ~ With experimental reality, our results have to be averaged over
methane molecule €D4". (b) lonized methane moleculefM,". this inhomogeneous distribution of cluster sizes.

reaction, eq 24 = 44 keVW2 andS = 3.4 x 10-20 keVcny).
The results for the dt reaction are approximate, as they were
obtained by applying the expressions for identical particles to  From the point of view of NFDCE, the important advantages
the collision of different particles. However, taking into account of heteronuclear clusters involve two classes of effects: (i)
the closeness of the d and t masses, it is possible to expect thagnergetic effects, with the heavy multielectron ions driving the
the errors of such an approach are not significant. light ions (nuclei), such as d or t, to considerably higher energies
The calculation of thégv[values for the dd reaction were  than for homonuclear clusters of the same size, and (ii) kinematic
also performed according to eq 13 by using the energy effects (fory > 1), which are manifested by a marked high-
distributionsP(E) from our simulations [such &3(E) of Figure energy maximum in the energy spectrum rigaithat is missing
5]. The dependence of the&gvvalues on the cluster size is  in the spectrum for homonuclear clustéfsSimulations of the
presented in Figure 7, together with thévsOvalues of the ionization and Coulomb explosion of the methane clusters were

107+
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VI. Concluding Remarks

thermal distribution for the same average enefgy For the performed for two laser intensities= 108 and 13° W cm2,
Coulomb explosions of both (¢D4"), at a laser intensity of  that ionize the carbon atom to*Cand C* (carbon nucleus)
| = 108 W cm™2 (Figure 7a) and (E'D4"), at| = 101° W levels, respectively. In the cluster size domain considered herein,

cm2 (Figure 7b), the products of the Coulomb explosion of R, < 43 A, the energies of both Dand ¢ ions increase
clusters exhibit a lower reaction efficiency than the thermal gas proportionally toRq? (Figure 3), which indicates the validity of
with the samekE,, value, because of the absence of the thermal the vertical ionization description (eqs 9 and 10). The maximum
“tail”. The advantage of the thermal energy distribution as cluster sizeRy = 42.9 A, provides high-energy deuterons, i.e.,
compared with the energy distribution of the Coulomb-exploding Ea, = 11 keV andEy = 20.4 keV forl = 101° W cm~2. Such
clusters diminishes for large clusters with high average energy. deuterons contribute significantly to the fusion reaction, provid-
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ing a fusion parameter as large @s= 2.7 x 107 cm?s! reactions of heavier nuclei, e ¥C(p.y)°N, can be explored
(Figure 7) and a reaction yield &f ~ 4 x 1(P. by NFDCE, providing information on the cross section and
The efficiency of nuclear fusion depends not only on the dynamics of elemental nuclear processes in astrophysics.
average energl,, of the colliding nuclei but also on the energy
spectrumt®23.38|n the case of NFDCE, the energy spectrum of _ Acknowledgment. We are grateful to Professor John N.
ions (nuclei) manifests a maximum energy or&g{(Figures 2 Bahcall for stimulating discussions on the astrophysical implica-
and 4), in contrast to the thermal distribution with its high- tions of nuclear fusion induced by Coulomb explosion of
energy “tail’. Because of this “@il”, the thermal gas provides ClUsters. This research was supported by the James Franck
higher (in the limits of 36-250%) fusion parametersbuC] Binational Germartisraeli Program on LaseMatter Interac-

Consequently, higher fusion reaction yields are expected for ONS.
the thermal gas than for the NFDCE with the same average
energy of particles (Figure 7), at least in the energy domain
where the reaction cross sectionincreases steeply with the (1) Beuhler, R. J.; Friedlander, G.; FriedmanpPthys. Re. Lett. 1989
i 3, 1292.

energy. Because of the presence of the maximum energy onsef (2) Beuhler, R. J.: Friedlander, G.: FriedmanPihys. Re. Lett, 1992
for the NFDCE, the energy spectrum of the ions produced by gg 510g.
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fusion parameter and the neutron yield is then expected as a~ (9) Ditmire, T.: Smith, R. A.; Tisch, J. W. G.: Hutchinson, M. H. R.

result of kinematic effects. Phys. Re. Lett. 1997, 78, 3121.
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