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Nuclear fusion driven by Coulomb explosion of homonuclear and heteronuclear deuterium-
and tritium-containing clusters
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The ionization and Coulomb explosion of homonuclegr &d T, (n=959-8007) and heteronuclear
(D,0),, and (T,0), (n=459-2171) clusters in very intensé=(5x 10*-5x 10'*W cm™?) laser fields is
studied using classical dynamics simulations. The efficiency ofithd andd+t nuclear fusion driven by the
Coulomb explosiofNFDCE) is explored. Thel+d NFDCE of (D,O), heteronuclear clusters is enhanced by
energetic and kinematic effects for'Dwhile for (T,0),, heteronuclear clusters the kinetic energy of i§
dominated by energetic effects. The cluster size dependence of the fusion reaction yield has been established.
The heteronuclear clusters provide considerably highied andd+t fusion reaction yields than the homo-
nuclear clusters of the same size. The clusters consisting of both D and T atoms can provide highly efficient
d+t fusion reactions.
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[. INTRODUCTION the target. Another configuration is made up of exploding
clusters only. In this case, the collision of deuterons or tritons
Clusters irradiated by ultrashoftens of fg and ultrain-  originating from different clusters may be responsible for the
tense (=10"-10"Wcm ?) laser pulses are subjected to fusion reaction[12]. Such a configuration was used in the
multielectron ionization, which leads to Coulomb explosionexperiments of Zweibaclet al. [12,13, where a consider-
of highly charged clusterigl—13]. The products of the Cou- ably higher maximatlid (or tt) collision energy, which is four
lomb explosion are free electrons and high-energy atomitimes higher than the nuclei maximal energy in the labora-
ions. The kinetic energy of the product ions is of the order oftory frame, can be achieved.
tens or hundreds eV in small clustdfs-4], and 10 keV-1 The theoretical treatment of NFDCE address two distinct
MeV in large clusters consisting of heavy atoffs-11], issues. First, one needs to know the energy spectrum of the
reaching the energy domain of nuclear physics. In deuteriurtight nuclei produced by the exploding clusters. Second, the
and tritium clusters, the products of the Coulomb explosiorfusion yield for a given energy spectrum of the nuclei has to
are high-energy deuterons and tritons, which may be capablge determined. When the cluster ionization is vertical, i.e.,

of performing the fusion reactiorjd4] when the time scales for the cluster’s outer ionizafit]
and for the Coulomb explosion are separafgd—19, the
He*+n+3.27 MeV energy spectrum can be grossly simplified and sometimes
d+d— (13 . . .
t+p+4.03MeV, even expressed analytically. In this case, the explosion dy-
namics depends only on the interaction between the ions. In
d+t—He*+n+17.6 MeV. (1b)  the case of nonvertical ionization, one also has to account for

the electrons’ dynamics. The simultaneous treatment of the

The t+t reaction, whose cross section is very 1pW], is  motion of electrons and ions has been performed in the
not considered here. Tttt d fusion reactior(1a) driven by  framework of the classical approach and applied to rare-gas
the Coulomb explosion was proposed and detected by Zwetlusters [16,20-22 and to deuterium-containing clusters
back et al, who subjected large deuterium clustéctuster  [13,15. The classical simulation of the ionization process
radi R~10-50 A) to an intense laser field <5  and the cluster expansion provides the energy spectrum of
X 10t"Wcm™?) [12,13. We proposed and demonstrated thatthe product ions. According to our findin§5], the energy
an effective way to produce energetic deuterons fordhe spectrum of product deuterons is distinct from that of ther-
+d fusion reaction may involve the Coulomb explosion of mal motion, which questions the possibility of considering
molecular heteronuclear clusters of deuterium bound tONFDCE as a thermonuclear process.
heavy atoms, e.g. (D), [15]. Similarly, the fusion reaction The energetics of the deuterons produced by the Coulomb
(1b) can be accomplished in mixed heteronucleap@}  explosion of [ and of (D,0), clusters was studied by us
and (T,0), or in (DTO), clusters. In all cases, the highly [15]. In this paper, we explore the NFDCE process, consid-
charged & ions will provide a trigger for driving the Dor  ering not only the energetics of the product ions but also the
T ions to high kinetic energies. implications of the cluster ionization process on the dynam-

The nuclear fusion driven by Coulomb explosion ics of electrons and ions. We shall extend our previous stud-
(NFDCE) of deuterium or deuterium-tritium clusters can beies[15] to consider high-energy dynamics of Tons from
realized by two different spatial configurations. In one con-T, homonuclear clusters and from f3), heteronuclear
figuration, the exploding cluster is located in the vicinity of a clusters. The energetic spectrum of deuterons and tritons ob-
deuterium or a tritium target, so that the fusion reaction maytained by us is used for the determination of the yield for
take place when thd or t nuclei of these clusters penetrate NFDCE.
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Il. METHODOLOGY OF THE SIMULATIONS 450 —— . —

11 AT e e

The process of cluster ionization and Coulomb explosion  400F /" sioe 207 )

involves three different kinds of particles: electrons bound to  3sof /,/:,-" . R Ul -
the host ions, unbound electrons, and ions. The unbouncg ook i o X101

electrons and the ions are considered as classical particles 300r; -7
[16,20,21. The bound electrons, whose motion is of strictly =

guantum character, do not directly affect the process of clus-'é
ter ionization and are of importance only as the source of the; (D,0)s5
unbound electrons. The ionization of the bound electronsg 150 1
(i.e., the inner ionization processs realized either by the 100} _
suppression of the electrostatic barriers of the host j@8%

or by electron collision22,24]. Since the tunneling has a SOF 1
minor effect on the iqnizatiof125], the classical treatment of . 0 3 y 3 % T T R v u—
the dominating barrier suppression mechanism and colli- Time (fs)

sional ionization becomes feasible. The classical approach
allows us to describe both of the ionization mechanisms by FIG. 1. Time evolution of inner ionization in th@®;0)ss cluster
simple modelg16,20, where molecular-dynamics simula- for di.fferent. Ia§er .|nter.15|t|es, as marked on the curiesV cm ).
tions of the unbound electrons are performed on the femtolN€ inner ionization is described as the number of electips
second time scale (16°- 10’125ec), using attosecond and released from atoms. The complete ionization corresponds to
subattosecond (10°-10 sec) time stepg16]. In mo-  Ne=440:
lecular clusters, the barrier suppression mechanism for clus-
ter multielectron ionization dominants over the collisionaltrons of the Xe atoms in clustef46], i.e., several fs.
ionization mechanisml6,22. The recombination process is  In order to study the dynamics of the inner cluster ioniza-
expected to be of negligible importanf#6,22 and can be tion, we performed the simulation of this process in some of
ignored. the D, and (D,O), clusters using the methodology of Ref.
In the case of heavy atoms, a strong field removes nat16]. As expected, the ionization of the D atoms takes a very
only valence-shell electrons but also some of the inner-shelhort time, e.g., 0.7 fs for thedg, cluster when subjected to
electrong[2,6,7]. The simulation of the rare-gas Xeluster  an irradiation ofl =5x 10"W cm™? at the pulse maximum.
ionization performed by us showed that in the intense fieldShe dynamics of the inner ionization in the {D)ss cluster
of | ~10'"W cm™2, the outer-shell §?5p° electrons(ioniza-  is presented in Fig. 1 for $10°<1<10Wcm 2 The
tion potentialsIP~12-106eV are removed from the Xe cluster atoms lose mogaboutN.~250—280 of their 440
atoms in several f§16]. A much longer time scale, which is valence electrons in less than 0.3fég. 1). This implies that
comparable with the time of the outer ionizatiians of f3,  in the very beginning of the pulse, every D atom loses its
allows for the inner ionization of thed electrons [P single electron and the O atoms lose the first two or three
=171eV). To describe the multielectron laser-induced ion-electrons. Subsequent ionization is slower and intensity de-
ization of (Dy), [or (T»),] clusters, we shall consider the pendent, reaching the saturation level at 4 and 16 fdl for
response of the “atomic” P (or T,)), n=2 m, systems with =10'7 and for I=5x10"Wcm 2, respectively. Atl=5
the same atomic density. In the case of D atoms, inner ionx 10w cm 2 all D and O atoms are fully ionizefexcept
ization means the removal of one electron with an ionizatiorfor the inner O(%)? electrons, as was already mentiohed
potential ofl P =13.6 eV. In our discussion, we will consider At lower intensities, all six electrons are not removed from
only D atoms, since the electronic properties of T atoms arghe O atoms, e.g., a&=10*W cm~2 an average of 4.8 elec-
the same. We found that the D atom is ionized when the fieldrons are removed. When the inner ionization process re-
intensity is1=1.5x 10*W cm 2, which is close to the in- moves all valence electrons from the D and O atoms, which
tensity required for the Pmolecule ionizatior{26]. In the  occurs on a time scale of several fs, the approximation of the
fields of 1=5x10"Wcm 2 used in our simulations, the sudden inner cluster ionizatig$ICl) can be accepted.
ionization of the D atom is realized in the very beginning of  The SICI approximation implies that at the starting point
the first laser oscillation. In clusters where the ignitionfor the outer cluster ionization and the temporal onset of the
mechanism enhances inner ionizatj@fd], the conditions for ~ Coulomb explosiont=0), all relevant electrons are already
very fast ionization of the D atoms are even more favorableremoved from their host atoms. Such an approach signifi-
The situation is different in the case of the (), clusters, cantly simplifies the simulation, excluding the initial stage of
where the time of inner ionization is determined by the ion-the inner ionization proceg®1]. We also assume that at the
ization of O atoms. Since it is impossible to remove the inneistarting point the electrons, which are removed from the at-
O(1s)? electrons(IP=739 and 841 eYin laser intensities oms, can be considered as unbound electrons located motion-
of 1<5x10"®W cm™ 2 considered herein, we only take into less in the proximity of their host atoms. In order to check
account the ionization of outer shell QO?(ZP)“ electrons, the validity of the SICI approximation, we performed not
whoselP’s lie in the interval 13.6—-138 eV. One may expect only the simulation for some clusters in this approximation,
that the ionization of these electrons occurs roughly on théut also the complete simulation, including the inner ioniza-
same time scale as the ionization of the valence-shell eled¢ion proces$16]. The results of these simulations are shown

063201-2



NUCLEAR FUSION DRIVEN BY COULOMB EXPLOSION . .. PHYSICAL REVIEW A4 063201

U B L e L R L B L L B R R R, values are somewhat lower that those originally used by
’ us[15], which utilized the density 0f=0.03 A~ 2. The het-
eronuclear (AO), (A=D,T) clusters are described here as
— made up of uniformly distributed £O molecules with an AO
distance of 0.97 A and an A-O-A angle of 90°. The density of
N the (AO), clusters is taken to be equal to the density of
liquid water, e.g.p~0.035 A~2 per molecule. We treat here
the following heteronuclear (J®), and (T,0), clusters
= = (with the numberN, of valence electrons n=459R,
=14.8AN.,=3672; n=1061R,=19.8AN,=8488; n
=2171R,=25A N.=17368. The results are not expected
to be sensitive to the simplifications for the structure of the
clusters used here. In view of the Coulomb character of the
oL SO A S Y Y 2 S ' § A long-range inter-particle forces, the interion interaction with
1015 1016 1017 10]8 . . . . . .
I(Wem?) the .ne|ghbor|ng ions makes a minor contrlbut!on to the. po-
tential. For example, the BD ™ potential for the interatomic

FIG. 2. The dependence of the maximal kinetic enefgyof  distance of the B molecule (=0.74A) is about 19 eV,
the product ions D on the laser intensity for the clusters s, ~ whereas the kinetic energy of the product ions from the D
(D20)s5 and (D,0)4s6 Solid lines, simulations with inner ioniza- clusters considered by us exceeds 500 8. Accordingly,
tion (methodology of Ref[20]); broken lines, simulations for the the jon dynamics is insensitive to the short-range structural
sudden inner cluster ionizatidisICl). details.

Calculations were performed for a Gaussian-shaped laser
in Fig. 2 where the maximal kinetic-ener@y, of the prod-  pulse with a temporal half full width at a half maximum of
uct d nuclei is presented. The differences betweenBge 25 fs and intensities in the rangd=5x10"-5
values obtained by the complete and by the SICI simulations< 10"¥W cm™2. The field frequency is»=0.35fs ™. Taking
are of no importance in the homonucleagspxluster. In the  into account that the radii of the clusters considered by us are
case of the heteronuclear {0)ss and (D,0),s Clusters, much smaller than the penetration depth of the laser radiation
both simulations provide practically the same results at in{25], we consider the light intensity as being independent of
tense fields, however, the differences increase for lower lasé¢he spatial coordinates.
intensities. As expected, the SICI approach overestimates the

v
=

KINETIC ENERGY (keV)
)
=
1

=3
I

d (or t) kinetic energies at lower laser intensitie$ ( Iil. COULOMB EXPLOSION OF HOMONUCLEAR
<10YWecm™2). The accuracy of this approach is better for CLUSTERS
the relatively large (BO)ssy Cluster than for the small  The gescription of the Coulomb explosion of homo-

(D20)ss cluster. Our results support the application of thepyclear clusters is simple in the case of vertical ionization.
SICI approximation for homonuclear ,Dclusters atl=5 For a homonuclear cluster of radit®,, with identical
x10°Wem 2 and for heteronuclear (D), clusters atl  chargegy on each atom and a uniform atomic dengityThe
=10"*Wem 2 Subsequent to inner cluster ionization velocity is maximal for the ions at the cluster surface. The
(which can be handled by the SICI approximation for gistance of these ions from the cluster center determines the
=10"*Wem™?), outer cluster ionization occurs. At this cluster radiusR(t). When the ionization is vertical, the ra-

stage, the approximation of vertical cluster ionization may bejiys R(t) at timet is determined by the equatiofit2,19
introduced, which involves the separation of the time scales

between the removal of all unbound electrons produced by t=(A/Q)(M/p)?Z(§), E=Ry/R(1), 2

inner ionization and cluster expansion. This approximation 12 12

will be discussed in Sec. lll. Z(8)= (1-9) + Eln 1+(1-9 ) 3)
In highly multicharged clusters, the Coulomb potential & 2 \1-(1-9*)

becomes the dominant interactipb6,21], in contrast to the
singly or doubly charged clustef28,29. The Coulomb po-
tentials of the electron-electron and electron-ion interaction P :
are slightly modified in order to avoid a steep increase in th afr;q_co?s?clqzuenztly ﬂ:ﬁ deAnf'g/égﬂ A,%gd Er'r]n fts.' The;
forces at small distances, which may violate the energy confr?e ||C|etn 0 d'q-( ()j IS bl'en __0 5 5_2 29' ne time o
servation 16]. In the SICI approach, the final size of the jons "¢ ClUSter radius dou ingg=0.57(¢)=2.294 is
(in our case, @ iong) is ignored. T=1(2Ry)=2.13% " 1(m/p) Y2 (4)
Neglecting the molecular structure of the homonuclegrA _
(A=D, T) clusters, we assume that the atoms are uniformlyl'his time does not depend on the cluster radius and equals
distributed with the atomic density equal to that of liquid 13.5 and 16.6 fs for deuterium and tritium clusters, respec-
deuterium[30], which is p~0.05A"3. Here, we treat the tively. The timer defines the condition for vertical ionization
following homonuclear ) and T, clusters(with the neutral
cluster radius Ry): n=959R,=16.6A; n=1961R,
=21.1A; n=3367R,=25.4A; n=8007R,=34A. The wheret,; is the time of the outer ionization of the cluster.

We will use here the following units: the mass of a constitu-
nt(atom min AM, the constituent charggin e, distance in

t0i< 7, (5)
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FIG. 3. The time evolution of the outer ionization in thgsE ~ 90F
and T34 Clusters for different laser intensitié¢sas marked on the <
. — . . . . . v
curves(in W cm™?). The outer ionization process is described as the _g
number of electrons bound to a cluster. g 60
© 30

The dynamics of the outer ionization of the;dg; and
Tas67 Clusters Ry=25.4A) is shown in Fig. 3. The outer -
ionization is recorded when the distance between an electron |
and the cluster center is six times larger than the cluster 0 5 10 15 20 25 30 35 40
radius R(t). At 1=5x10"*Wcm™2 the time of the outer Time (fs)
ionization ist,;~8 fs, meeting the validity condition for ver-
tical ionization, Eq.(5). At |=5Xx10"*Wcm?, the clusters
lose almost all electrons. However, the ionization titgeis
comparable to the expansion timeviolating the vertical
ionization condition of Eq(5). At | =10"*Wcm ™2, the ion-
ization is far from being vertical, which is not only due to the
violation of Eq. (5) but also because the clusters lose only.

FIG. 4. Time evolution of cluster radius for different laser in-
tensities|, as marked on the curvdin Wcm™2). (a) Deuterium
Dj367 Cluster.(b) Tritium Ts367 Cluster.

intensity discussed above has to be manifested in some way

also in the energetics of the unbound electrons. Initially, at

/ t=0, the unbound electrons are at rest forming a neutral

about 40% of .the" electro_ns._ L zero-temperature plasma with the cluster. Due to the energy
The dynamics of outer |on|zat|o€F|g. 3 affects the dy- pumping from the laser irradiation, the kinetic energy of

namics (.)f th_e cIuste_r_Coqumb (_-:txplosmn: Thg cluster EXPaNfese electrons increases in time and some of them begin to

sion, which is quantified bR(t), is shown in Fig. 4 together |o5.e the cluster. Some examples for the average kinetic-

with R(t) for vertical ionization, given by E¢2). According rgnergyge(t) evolution of the unbound electrons located in-

to the results presented in Fig. 4, the Coulomb explosio S o
dynamics of Qae; and Tose; clusters is close to the vertical side the cluster are presented in Fig. 6. The most striking

ionization dynamics fot =5x 10'*W cm™2, but is far from 20
it at the relatively low intensity of = 10"W cm 2. For the
Coulomb explosion following vertical ionization, the D/T 35
isotope effect inferred from Eq4) is 7=m¥2 The isotope
effect is clearly evident by comparing Figgan(deuterium
and 4b) (tritium). The dependence of the doubling radius 25}
time 7 on the laser intensity for D337 and Ta367 Clusters is
shown in Fig. 5. The isotope effect;/7p=(my/mp)*/?
=1.225 is almost exactly fulfilled, with a very slight de- 15f
crease when the laser intenslitgecreases.

301

2 201
=

For the outer ionization dynamiod=ig. 3), the isotope 10 T 150 a
effect is weakly exhibited. Such behavior can be rationalized  5f... . ... .. e ) 125
by asserting that the most effective ionization process takes | Lo el L taaail L 1,00
place when the cluster radii®(t) is not much larger than 107 e tor
the initial Ry value and, consequently, is almost the same for 1(Wem)
different isotopes. This means that in thg &nd T, clusters, FIG. 5. The dependence of the timef cluster radius doubling
the expansion does not enhance the outer ionization, in coffor the Dz, and Tage; Clusters (left scalé and of the tritium/
trast to our previous findings for the Xelusters[16]. deuterium timesr relation 71 /7 (right scal@ on the laser inten-

The dependence of the ionization dynamics on the lasesity I.
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0.7 ; T ; ¥ ; ; ; In the intense fields of=5x 10 [Fig. 7(b)], energy distri-

i bution of the electrons differs significantly from the thermal
distribution, first of all, during the pulse action=16fs).
The maximal value oP4(E) is reached aE =0, with a steep
drop atE<0.4keV. At E>0.4keV P(E) begins to de-
crease slowly becoming by orders of magnitude larger than
the thermal distribution at the high energy “tail.” Although
the electrons of the high-energy “tail” make up only for a
small fraction of the total number of electrons, they are of
prime importance for the process of outer ionization. The
situation is different in the case of laser intensity 5

W ii'? i'é Dl%l.
P

; I=SX104Wem?  Digg X 10"Wcm 2 where the energy distributio(E) be-
0.0¢ : 0I5 3035 30 35 40 comes more S|m.|lar to. the thermal d|str|b_ut|on. However,
Time (fs) even at this low intensity, the number of high-energy elec-

trons is considerably larger than for the thermal distribution.

FIG. 6. The time evolution of the average kinetic enefgyof ~ The P¢(E) patterns are most probably affected by Coulomb
electrons located inside a cluster foggg) and Dy clusters sub-  fields of positively charged cluster. These fields tend to slow
jected to different laser intensitiés down the radial motion of electrons passing the cluster pe-

_ riphery and to speed up electrons passing the cluster center.
feature of theEg(t) evolution is the oscillations, whose am- The results presented in Figs. 6 and 7 allow us to conclude
plitude increases with laser powkrin the time interval of  that the application of the thermal plasma theory to the clus-
the pulse action (&t<25fs) these oscillations are clearly ter jonization[4,8,25 is not well founded.
generated by the laser field. In the absence of radiation (  The ability of the productl or t nuclei to contribute to the
>25fs), strong oscillations are exhibited for the strong in-fusion is determined by their kinetic energy. In the case of
tensity of =5x10"*Wcm 2 In the case of a relatively vertical ionization, the final kinetic energy of an i¢éB* or
weak intensity ofl =5x10"Wcm2, Ee(t) demonstrates T') is equal, with the opposite sign, to its initial potential
small oscillations in the presence of the pulse and changegnergy. Under the conditions of the Coulomb explosion fol-
smoothly after the pulse ceasds$>@25fs). lowing cluster vertical ionization, the kinetic ener@per ion

Examples for the energy distributioR,(E) of the un- in eV) of ions at the initial distanceR is given by
bound electrons inside a cluster are displayed in Fig. 7 tof13,15,19,20
gether with the thermal distributioR,(E) for the same av-

— 2 2
erage energg., E(R)=(4m/3)Bg°pR?, (7)
Py(E) =27 YA E,) ~¥2EYV2exq — E/E,]. (6) WhereB=14.385eV A. The energgy, is maximal for ions
initially located at the cluster surfacdat R=R,), being given
20, ) by
16 \ Dyggr  1=5x10" Wem?  =13.9fs . 1=30.0fs )
1 ' Ew=(47/3)Ba*pR3. (7a)

Equation(7a) provides a unique case of a cluster size equa-

tion (CSB [31,37, with the scaling lawE,, = R3 constituting

0 0"1 003 “-6_'47 e 0 01 ~ 0 — an exception for CSEs,' WhiCh usually converge to tzhg con-
Energy (keV) densed phaseRy—) limit. We expected thaEyxRj is

b inferred on the basis of simple electrostatic arguments and

Degar 1= 5%101 Wem?  t=16.0fs \ 1=30.065 E\ does not exhibit a D/T isotope effect. As we have already

demonstrated, the conditions for the vertical ionization are

Nm

N realized at strong laser intensities. At lower intensities, when
21 _. the ionization is not vertical, the maximal kinetic-eneigy
e is lower than that given by Eq7a). This feature of the
0 N T Coulomb explosion is well demonstrated in Figa)}d which
Electron Energy (keV) presents the maximal kinetic-ener§y, dependence on the

o o laser intensityl. Figure &a) reveals an increase &, with
FIG. 7. The kinetic-energy distributioRe(E) of electrons lo- jncreasingl at lower! followed by saturation at high The
cated inside a cluster. Broken lines represent the simulation resultg; 4 ration value€,, almost coincide with theE,, of Eq.
solid lines represent the thermal distribution for the average kineticwa) The| interval, whereE,, begins to decrease markedly
energyE, of the simulation results?,(E) are normalized to unity. jth decreasing, is cluster-size dependent and determines
(@ Dgoon |=5%x10"Wem 2 t=16fs (E.=0.300keV) andt  the upper limit for an efficient Coulomb explosion. The
=30fs (E,=0.164keV). (b) Djge, |=5X10"Wem 2% t value, which determines these limits quantitatively, was cho-

=13.9fs E.=0.042keV) and=30fs (E,=0.047 keV). sen as the intensitl,, where the kinetic-energf makes up
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FIG. 9. The kinetic-energy distributioR(E) of D* ions for
homonuclear P clusters. Broken lines present the simulation re-
sults; the solid line presents the vertical ionization distribution of
Eq. (8). P(E) are normalized to unitya) D557 Cluster, laser inten-
sities | =2x 10" and 2x 10" W cm™2. (b) Dggo Cluster, laser in-
tensitiesl =5x 10" and 2x< 10Y" W cm™2

—

1.8 ! T i T : "
5x1017 18 2x1018 3x]018 4x]1018 5x]018
() I{Wem'2)

FIG. 8. The dependence of the maximal kinetic-endegy of
D" and T' ions on the laser intensityfor homonuclear clusters,D  importance and that the direct effect of the laser field on the
and T,, respectively. The vertical ionization valuEg, of Eq. (78 ions is responsible for thE,, increase.

are marked by horizontal arrow&) Laser intensity interval =5 Using Eqgs.(7) and (7a) it is possible to determine the
X 10"W em™2-2x 10" Wem 2, n=959, 1061, 3367, 8007b)

energy spectrum of the product nuclei for the case of vertical
Laser intensity interval =5x 10" W cm 2-5x 10"¥Wcm™2, n ionization
=3367. The bottom curve shows,, when the ions are not sub-
jected to a laser field. P(E)=2(E/E3)Y? E<Ey, (8)
for 85% of the saturation lev¢ll5]. The intensityl , follows P(E)=0, E>Ey. (89

the quadratic-size dependence, suctEgsin Eq. (7a [15].
In the regions of ~ 1, andI<I,, the kinetic energies are a The distributionP(E) of Eq. (8) is normalized to unity. Ac-
little lower for the tritium clusters than for the deuterium cording to this equationP(E) increases wittE as E** at
clusters[Fig. 8@)], while for 1 >1,, no isotope effect on the E<E,,. The average energy of the distributi¢8) is E
Ewm vs | dependence is exhibited. =(3/5)Ey . The energy spectra of ions produced by the
The saturation behavior of tHe,, energy dependence on Coulomb explosion are shown in Fig. 9 for thesp; [Fig.
laser intensityl is demonstrated in Fig. (8 for I<2 9(a)] and Dygy; [Fig. Ab)] clusters for different laser inten-
X 10"Wcem™2 This saturation behavior is, however, vio- sities, together with thé®(E) distributions of Eq.(8). We
lated at very strong intensitied,=5x10""Wcm 2, as  expect that theP(E) distributions at very intense fields of
shown in Fig. 8b) for D3se; and Tygey Clusters, whereE,,  |=2x10' are close to those given by E(B). At lower
further increases by about 15% in the intensity rahgé  intensities, (I=2x 10'° and 5<10"*Wcm 2 for n=3367
X 10" W em™2-5x10¥Wcem 2. This increase is roughly 8007, respectively when the ionization is far from being
proportional tol and it reveals a distinct isotope effect. In vertical (Fig. 8 and the maximal energy is sufficiently lower
order to check the cause of this increaseéEgf, we present than that of Eq(7a), the curve’s shape does not follow the
in Fig. 8b) also the results of a calculation, where ions areE*? dependence of Eq8), demonstrating a strong increase
not exposed to the laser field. In this latter cdsg,does not  of P(E) for E—0. SuchP(E) behavior can be explained by
increase withl. It follows that atl=5x10"Wcm 2, the incomplete ionization(Fig. 3) resulting in screening effects
electrons’ pressure on the ioftsydrodynamic effegtis of no by the electrons remaining inside the cluster. These contrib-
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ute to the formation of an almost neutral body, most probably 12 e e T —
in the cluster center, preventing the acceleration of the ions 1=2171
located there. According to our simulations, the energy spec-__ 1ot 0.0 //“ ]
tra of the ions generated by the Coulomb explosion is drasg | (1'20)" -
tically different from the thermal energy spectrum, mainly o VER’FIC/“\L ]
with respect to the high-energy “tail,” which is of the prime “ JONIZATION n=1061
importance for thermonuclear fusi¢h4,33. This feature of

the Coulomb explosion is expected to affect significantly the
NFDCE process, as discussed in Sec. VI.

[e<]
—

[o2]
T

E-S
=
[
N
Lh
=]

Maximal kinetic energy (

N
T
1
!
\
i

IV. COULOMB EXPLOSION OF HETERONUCLEAR
CLUSTERS

Equation(7) implies that the ion kinetic energy increases L L
strongly with the ionic charge, i.e., Ey<q? [13,15,19,22 Lote 10"
for homonuclear equally charged clusters. Accordingly, mul-
tielectron atoms, which can be highly ionized, provide ions 5 10 The dependence of the'mand T" maximal kinetic-
of considerably higher kinetic energy than the one-electrorénergyEM on the laser intensity for heteronuclear (BD), and

atoms. For example, the maximal energy of the Xéons (T,0), clusters, respectively. THey values of Eq(10) are marked
produced by the )(ﬁsl C|USter |S""40 keV (for q: 17) [16], by horizontal arrows.

whereas in the case of 'Dions from the similar size Rq

cluster, this energy is only 0.77 kelFig. 8. In order to  deuterium- and tritium-containing clusters affects the charac-
produce energetic ions of one-electron atoms, we recentlier of their Coulomb explosion.

proposed to use the heteronuclear molecular clusfaiJ, In the case of the (BD),, clusters ¢y=1.33), a substantial
consisting ofA;B, molecules with light one-electroA (A portion of the D ions are expected to move out from the
=D or T) atoms and heavy multielectron B atofd$]. The initial configurational framework of the © ions, forming
enhancement of the energy of r T* ions from the Cou- the outer shell of the expanding cluster. Provided that the
lomb explosion of multichargedA(B,),, A=D,T hetero- cross section for D+0°®" collisions is sufficiently small
nuclear clusters can originate from kinetic-energy enhanceg34], some of the D ions initially located inside the cluster
ment and from kinematic effectEl5]. Consider first the (R<R,) may overrun not only the heavy ions but also the
kinetic-energy enhancement. The multichargedBions  D* jons located initially further from the center. The kine-
drive the lightA™ ions to high kinetic energies. In this study, matic effect results in the further enhancement of the maxi-
we will consider the electronic and nuclear dynamics of themal kinetic energy of D ions from heteronuclear clusters.
heteronuclear heavy water cluste&,Q),, A=D,T. Con-  The inner D' ions, which overrun the periphery ions, gain
sidering only the energetic effect then, in analogy with thehigher energy than the latter ones, so that the maximal ki-
homonuclear clusters, E(7a), the lightA” =D" ions on the  netic energy of the product Dions may exceed the energy

i
KWem'?)

cluster surface will gain the maximal energy of given by Eq.(9).
_ 5 The dependence of the maximal kinetic enelgy of the
E(Ro) = (47/3)B(29a+ do)podaRo, ®  product D' ions on the laser intensityis presented in Fig.

10. The heteronuclear clusters provide a significantly higher
E'V' energy than the homonuclear clusters of roughly the
ame size. For example, thesdg; and (D,O),7; Clusters,
oth of Ry~25A. provide deuterons witlE,,~1.8 and
1EM~11 keV, respectively. Thee,, energy approximately
obeys the CSE reIatioEMocRS dependence for a given in-
density| [15]. The Ey (1) dependence ohdoes not exhibit
saturation so that thgy, (1) energy curves cross the level of
Eq. (9), marked in Fig. 10. Such behavior is due to the direct
7= aAMg/QgM, . (10) effect of the laser field on the ionsee Fig. &)]. Some
contribution to theE,, increase withl may provide kine-
The light ions attain a higher velocity than the heavy ions formatic effects, i.e., the ability of the inner ions to overrun the
7>1. When the atoms are deprived from all valence elecperiphery ions, as discussed above. This kinematic feature of
trons, this condition is met in the deuterium cage=D, heteronuclear clusters affects also the energy sped®{i)
ma=2) for all heavy B atoms in the periodic table, begin- of product ions.
ning from Li. In the case of tritium atom@ =T, m,=3) the The energy spectrum of (), clusters[Fig. 11(a)] ex-
condition >1 is not fulfilled for the following five heavy hibits a large maximum located close to the maximal energy
atoms(the correspondingy values are given in parentheges E,, . Consequently, the energy of most of the product deu-
2c (1.0), ¥N (0.93), %O (0.89), °F (0.90), and terons lies in a relatively narrow high-energy interval. Such
ZNe (0.96). The difference in the; parameters of the an energy distribution is in marked contrast with the broad

with ga=1, go= 6, andpg being the moleculator O-atom
density. Thus, the energetic enhancement for the Coulom
explosion for heteronuclear clusters relative to homonuclea%
clusters of the same radius is d2+do)po/gapa=>5.6.
Next, we focus on kinematic effects. The acceleration o
light (massm,) and of heavy(massmg) ions located at the
same distance from the cluster center is related by the kin
matic parameter
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1.2 - - ' different cluster$12,13,19. The reaction starts when, due to

f the Coulomb explosion, the cluster diameters become com-
parable to the distance between clusigirse t;), and stops

at some time,, when the nuclei begin to leave the reaction
volume. In the time interval;<t<t,, the reaction volume
can be described as a homogeneous gas of uniformly distrib-
uted nuclei and with randomly oriented velocities. The fu-
sion rate in the homogeneous gas is

1.0+ (a) I=5x10""Wem™
(D,0);61 ]

I=2x10" Wem™ |

R=1/2p,(ov), (12

0 . R .
b2 3 4 5 6 7 8 wherev is the relative velocity of the colliding nucleir is

Deuteron energy E (keV) the fusion cross section, the angular brackets mean the aver-
0.6 ' 2 age over the energy distribution of the colliding nuclei, and
osl @ I=50°Wem? | p, is the atomic density inside the reaction volume[35].
(Ty:0) 1061 Ignoring the increase of the reaction voluiig, we assume
0.4} 1 p, to be constant and equal =N,/V,, whereN, is the
o total number of nuclei insid¥, . In the case of a gas con-
= 037 FA [=2x10"Wem™? ] sisting of bothd andt nuclei thed+t (Eq. (1b)) fusion

reaction rate is

R=p(1—pyp{ov), (123

wherep;, is thet nuclei fraction.
Averaging over the colliding particle energies andE,
in the laboratory frame, and the collision angte one ob-
FIG. 11. The kinetic-energy distributioR(E) of D* and T* tains
ions for heteronuclear clusters. Laser intensitiessx 10'® and 2

N B I A A
Triton energy E (keV)

X 10®¥Wcem™2. P(E) are normalized to unity(a) D* ions for 1 (= °° ™
(D,0) ;061 Cluster.(b) T* ions for (T,0);0s; Cluster. (ov)= 5 fo P(El)dElfo P(Ez)dEzfo a(E)
P(E) curves of the homonuclearCclusters(Fig. 9). The X(2E/m)Y2sin( @)da. (13)
high-energy fraction of the energy spectrum will be de-
scribed by a Gaussian, The collision energye, which is required for the calculation
of the fusion cross section, is
B b% E—sEy\?
P(E)= aEMJEeX “\ g, | | 1D E=E,+E,—2(E,E,)Y2cog ). (14)

where y stands for the fraction of ions whose energy lies N the case of thed+d fusion reaction(1a) the cross
inside the Gaussian. The parameters of 84) were esti- Sectiono(E) can be fitted analytically by the equatif86]
mated to bey=2/3, £=0.85, and#=0.08.

The Coulomb explosion in theT(O), clusters is ex-
pected to proceed by a different way than in the,QI},
clusters because of the parameter 1, which prohibits the
overrunning kinematic effect. In the {0), cluster, the
heavy & ions are moving faster than the light' Tions,
whereas in the (BED), cluster, the opposite situation is real-
ized. In spite of such differences in the ions’ motion, the N
maximal energie€,, of the T" ions are close to th&,, <130 ke\{,zowe found the parametefs=44ke and S
values of the D ions (Fig. 10. However, the energy spectra =3.4x10 . e’ keV.,
produced by the (J0), and (DO), clusters differ signifi- Neglectlng Fhe effect of the nucleus'—nucleus and ngcleus—
cantly (Fig. 1. The T* energy distributiorP(E) manifests electron collisions on the nuclear motion and assuming the

; . - to be neutral, we also assume that the energy spectra
a wide maximun{Fig. 11(b)]. Such an energy spectrum re- gas : .
duces the efficiency of the (D), clusters as a source of P(E,) andP(E,) are identical to the energy spectrum of the
energetic tritons for NFDCE " product ions of individual clusters. In the case of homo-

nuclear clusters, the energy spectr@(E) is described by
V. NUCLEAR FUSION RATES Eq. (8). Substituting Eqs(8) and.(15) into Eq. (13) and
replacingkE by X=E/E one obtains
In the NFDCE experiments, the fusion reaction is due to
the collisions of energetic light nucléil or t) produced from (ov)=(SIEpM)SITEpumG(Tw), (16)

o(E)=(S/E)exp( —A/EY?). (15)

Fitting the experimentad(E) values for thed+d (1a) reac-
tion [37,3§ in the interval 2<E<250keV, we foundA
=45keV*? and S=1.8x 10 ??cn? keV. Equation(15) was
used by us to describe also the cross section ofdtfe
fusion reaction(1b). For this reaction in the interval 1s6E
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Where 1065 T T T T T T 7117 T T B T 1010
upm=(2Ey/m)*?, (17) o

1017F - 108

Tu=A/EL? (18) — o
m: 1019} 4106

1 1 T £
G(TM)z(g/s)f xi’zdxlf x;’zdxzf X~ 12 = Y
0 0 0 €> 102 {10t
X exp(— Ty /XY?)sin(a)da, (19
and 10-3} L
_ _ 1/2 '
X—X1+ XZ 2(X1X2) Coia). (19@ 102 s L S S S A U ‘ll() L [ R S S 1100

o By (keV
The reaction yield is u(eV)

- FIG. 12. The dependence of the nuclear fusion paranjetey
Y=RN/Tv, (20)  (left scal@ and the neutron yield (right scalé on maximal kinetic
) ) . energyE,, of nuclei.
whereR is the reaction rate, Eq12), N is the number of
nuclei in the reaction volume/,, / is the mean path of tjon. The dependence ¢&v) andY on the cluster radiug,
nuclei inside the reaction volume, aedis the average ve- s shown in Fig. 13. In the case of homonuclear clusters, the
locity of the reaction active nuclei. In the NFDCE experi- ~qnnection betweeR, andE,, is determined for the condi-

ments[12,13), the atomic densityip=2x10cm *and the  {ions of vertical ionizatio Eq. (78] whereas in the case of
reaction volume has the shape of a cylinder with height

=0.2cm and radius=0.01 cm, which provides the number o homonuclear

of nuclei N=1.2x10". We estimated the mean path of a 102 10° 10 10°

thin cylinder ¢ <h) as/=1/2zr (in Ref.[13], /=2r). The 102 10 10¢ D hetronuclear 105

velocity v is identified with the maximal velocity,, of Eq. 10-13- e B
(17). For v corresponding to the enerdy,,=10keV, for el 5 e

example, the time of existence of the reaction volutpe 1017y oo ~

=/[v is about 100 ps. According to our estimates the time "
of the onset of reaction, is considerably smaller, being about A 10

t,~70fs. § /

In the case of heteronuclear {0), clusters, the energy 102 // ird
spectrum is described by a Gaussian function,(Ef). Sub- / ~ ;:t
stituting Eq.(11) into Eq. (13), we obtain the following ex- 105 | T
pression for the functio(Ty): ,’

> Ry . 1051020 30 40 30_60 70 &0 50 100
Y Xl & (a) ;L
G(Tw)=75—2 expg — dX, Ro(A)
270° Joe—1 0 2e-1 n homonuclear
10° 10° 104 1
X,—¢ 2 ™ 1010 . }| ] T L T
X ex _( 2 ) dxzf X112 10¢ 10° 10* nhbetronuciear 10¢°
0
° 108}
X exp(— Ty /XY?)sin(a)da. (21)
106+
For heteronuclear clusters, we take the reaction volume pa- >
rameters to be the same as in the case of homonuclear clus- 104+
ters.

The fusion reaction parameters were calculated not only 102+
for the d+d reaction but also for the much more efficient
d+t reaction. In the case of thé+t reaction, we take an i

W P .
equal amount ofl andt nuclei[p;=0.5 in Eq.(123]. The (b) 0 10 20 30 40 Ri&)éo 70 80 90 100
(ov) andY dependences oRy, are shown in Fig. 12 for
homenuclear clusters only. THev) andY dependences on FIG. 13. The dependence of the nuclear fusion paranfetey
Ew for heteronuclear clusters were found to be almost idenand the neutron yieltY on the cluster radiu®,. The number of
tical to those for homonuclear clusters, which indicates thaktomsn corresponding toR, are shown on the upper scale for
the differences in the energy spectfags. 9 and 1lare not  homonuclear and heteronuclear clustégs. The parametefov).
of considerable importance for the yield of the fusion reac-b) The neutron yield.
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heteronuclear clusters, it is determined for the laser powetained for the thermonuclear fusion cannot be uncondition-
| =2x 10" W cm 2 (Fig. 10. Both the(ov) [Fig. 13a@)]and  ally applied to our case. In order to deal with NFDCE, we
theY [Fig. 13b)] dependences dr, demonstrate significant calculated the dependence of the fusion paramete} and
differences between homonuclear and heteronuclear clusteithie yieldY on the maximal energk,, for the energy spectra
favouring NFDCE for heteronuclear clusters. As alreadyprovided by clustergFig. 12).
noted, the fusion yield for thé+t reaction is higher than for The maximization of the NFDCE yields can be accom-
the d+d reaction, both for homonuclear and heteronucleamplished by optimizing the D and T° maximal energy at
clustergFig. 13b)]. The largest yields are obtained from the sufficiently high laser intensities, by the application @f
NFDCE d+t reaction for heteronuclear ¢D,T,0),, clus-  +d ord+t NFDCE of heteronuclear clusters, and by the use
ters. It is also interesting to note that the yields for the of thed+t fusion reaction. According to our simulation re-
+1t reaction from homonuclear clusters exceed those for theults, the maximal enerdy,, increases with laser intensity
d+d reaction from heteronuclear clusters Ry>50A [Fig.  up to intensities providing saturatioffFigs. 9 and 10 In
13(b)]. order to maximize the fusion efficiency, one has to apply the
The results presented in Fig. (b3 can be compared with saturation(or sometimes near-saturatjoimtensities. Using
the NFDCE experimental data fatd fusion provided by these intensities for thE,, dependence on cluster radiRg
homonuclear D clusters[12,13. According to these experi- and for the{ov) dependence ok, (Fig. 12), we found the
mental data, the neutron yield increases fr¥m 10 atR,  (ov) and the reaction yield dependence on cluster radius
~16A up toY~3x 10 at §0~20—25A, whereﬁo isthe o (Fig. 13. Figure 13 demonstrates the important advan-

average cluster radius. According to our computation resultgflige of the heteronluclii: ngter.S as.a%air;?t_h%zmonuclear
[Fig. 13b)] such an increase in the yieMis provided for Clusters. For example, t reaction yield ofY=10" per

the cluster size interva®,=27—40A. In a detailed compari- gulseAis provided by homonuclear,Celusters with Ro
son of our results with the experimental dd2,13, we — S04 andn=5600, whereas the same yield can provide

have to account for the experimental cluster-size distribution/€teronuclear (BD), clusters with a much smaller radius of

which is unknown. At present, we may conclude that our 0=12A andn=250. Finally, we predict that a reaction

results are consistent with the gross features of the expery/€ld of about two orders of magnitude larger than that of the
mental data. d+d reaction is provided by the reactiah+t [Eq. (1b)].

This reaction can be realized by NFDCE of clusters consist-

ing of both D and T atoms, such as (Qj) and

(D20, T,0)n
The efficiency of nuclear fusion depends strongly on the

energy spectrum of the colliding nuclgl4,37,38. In the

case of NFDCE, the energy spectrum of thé &nd T' ions

differs significantly from the thermal energy spectrum and is This research was supported by the Binational German-

characterized by a maximal enerBy, presented by Eq%7) Israeli James Frank program on Laser-Matter Interaction. We

and (9) (Figs. 9 and 11 and an energy distribution as de- are grateful to Professor V. P. Krainov for stimulating corre-

scribed by Eqgs(8) and (11). It follows that the results ob- spondence and the prepublication information.

VI. CONCLUDING REMARKS
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