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Model of neutron-production rates from femtosecond-lasercluster interactions
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Solid deuterium clusters provide a new type of target for laser-matter interactions. We present a theory for
the generation of laser driven Coulomb explosions that create a hot fusion-producing ion tail. We derive an
initial distribution function for the exploded ions, for an arbitrary cluster-size distribution, and solve for the
D-D neutron-production rate during the free expansion of these ions into a vacuum. We find good agreement
between the theory and the experiment: the theory suggests an explanation for the observed saturation and drop
in neutron yield beyond a definite cluster size, consistent with recent experiments by Ditnidiémire et al,,

Nature 398 489 (1999] and ZweibacKJ. Zweibacket al, Phys. Rev. Lett84, 2634 (2000; J. Zweiback
et al, Phys. Rev. Lett85, 3640(2000].
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[. INTRODUCTION pear to be governed by a balance between collisional heating
and expansion cooling. An interesting “resonance-
The absorption of ultrashort high-intensity laser pulses irabsorption” peak occurs momentarily during the expansion
gases at near atmospheric pressures is very ineffective. Thgen the plasma electron densny passes through a resonance
main heating mechanism is above-threshold ionizatoR)  point 5= 3w? where wpe= (e?n./eomg) Y2 is the electron
[1]; a collisionless process in which laser energy can beplasma frequency and is the laser frequency. Because the
transferred directly to an electron subsequent to its ionizawavelength of the light is much larger than the diameter of
tion, provided the time to ionize the electron exceeds a fewthe cluster the electric field, can be taken as uniform. Ac-
laser cycle times. At high laser powers 10'*W/cn? the  cordingly, the cluster plasma acts like a spherical dielectric
time criterion is satisfied only foZz>1 gases capable of with an internal electric field given bji]
multiple ionization. However, the energy distribution of ATI
heated electrons is such that the average energy gained never £ = 3 &
exceeds~60 eV in helium gas illuminated by a laser inten- N 2+e(w) t
sity of | ~ 10" W/cn?. The electron energy is less for higher
Z gases due to the energy drain associated with the produtﬂ,‘\lhere the plasma dielectric constant is given dfy)=1
tion of higher ionization states. —wpe/a) Strong collisional absorption results at the reso-
Laser absorption is greatly enhanced in gases containingance pomtw =3w? when the singularity is resolved by
solid atomic cluster§l]. A cluster is an aggregate of atoms electron-ion coII|S|ons.
(~10°-10" atoms/cluster) bound together by their mutually The use of a frequency-dependent linear dielectric con-
attractive van der Waals forces. Clusters are frequentlgtant has a limited application, however. It is meaningful
formed by nucleation when a cold, high-pressure gas jet unenly when the time scale over which the cluster electron
dergoes further expansion cooling in a supersonic nozzlalensity changes is longer than a few laser cycle times. Al-
When a cluster plume is illuminated by laser light field ion- though this condition is marginally satisfied in the case of
ization sets free initial electrons, forming a high-densitymoderately highe clusters, a different regime presents itself
plasma ball. Due to the high electron-ion scattering rate, colwhen high-intensity laser pulses irradidtgdrogen clusters
lisional, or inverse bremsstrahlung heating dominates lighAs shown in Sec. Il, the electron dynamics under the action
absorption, which is much greater than the ATI absorptiorof the laser field can proceed on a time scale much faster

@

process. than the wave frequency, and cluster disassembly is alto-
Extensive experimentation with large-10 nm diameter  gether quite different.
rare-gas clusters have been reported by Ditreir@l. and Our focus in this paper is on laser interaction with a hy-

later by Zweibaclket al. using a laser having a 130-fs pulse- drogenic cluster medium. We are motivated to explain the
width centered at 825 nm, and a peak intensity offirst experimental results on fusion neutron production re-
~10%Wr/cn? [1]. The laser-cluster interaction produced aported by Ditmireet al.[2] and Zweibacket al.[3] when an
dense ball of plasma with high initial electron temperaturesntense 35-fs laser pulse irradiated a deuterium cluster jet.
in the 100 to 1000 eV range, far above that of the neutral gaMeasurements of the 2.45-MeV neutron burst from the
with equivalent volume-averaged mass density. The expand>+D—He*+ n reaction seem to suggest that the ions were
ing plasma ball creates an ambipolar potential, which in turrcreated by Coulomb explosion events. Simply put, under the
accelerates the ions to high energieZ T, whereZ is the  action of intense-laser light the electrons are driven out of the
mean ion charge state. A zero-dimensional cluster disassemluster, uncovering bare-ion charge. The ions subsequently
bly model[1] supports these results, and elucidates manygxplode under their own space-charge forces. lons ejected
general features of the ionization and heating of moderatelfrom different clusters collide with each other to cause fusion
high-Z clusters. The dynamics of the cluster plasma ball apfeactions. The laser-cluster interaction is a novel “beam-
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beam” fusion approach to neutron generation, and is of cony=w/w, where  is the light frequency, w

temporary interest as a potential subnanosecond Neutroee, /(2m.¢y,)Y2 is the inverse tunneling time.dy

source for time, resolved material damage stufiied]. =13.6eV is the ionization potential of the hydrogen atom,
This paper presents &b initio calculation of the neutron  anq g, is the laser electric field. For plane-polarized light

yield expected from the interaction of an intense-laser pulsgiih £ =&, coswt the amplitude can be related to laser in-
with hydrogenic cluster medium. The first part of this Paperiensity | [Wcm 2] by

describes a naive model for the behavior of the cluster elec-

trons under the action of the laser light, Sec. Il. Because the & [VIm]=27502 3
electron dynamics in the laser field is nonlinear, collective

phenomena can only be studied more thoroughly with thén the DZ experiments with laser wavelength=820 nm,
help of detailed three-dimension@D) numerical simula- and nominal peak intensity along the axis of the filamient
tions. In Sec. Il we present a model for the ion-Coulomb=5x10**W/cm 2, one gets w=2.3x10°s"%, & =6.1
explosion phase. Because of their high density, atomic clusx 10'*V/m, and y=0.0465. Of interest to us in the present
ters can be very efficient at absorbing laser energy and gefpaper is the adiabatic limity<1, where the probability of
erating fast ions by the Coulomb explosion process. Disreionization for a hydrogen atom in the ground state can be
garding collisional heating, the remainder of the absorbediescribed by Keldysh’s formulgs]

laser energy needed to create a bare-ion cluster is partially con-

verted to the ions with an ideal efficiency shown below in 1 284 1,
Eq. (14), Wi51.487'a ex —3—5'_ 1—1—0’y , (4)
(ion kinetic energy 32—680/ ) in which &,=m2e° *=5.142x10''V/m is the atomic
(absorbed laser energy 47 - @ electric field at the Bohr radiusm,="5.29x 10~ *m. We have

written the preexponential factor in Keldysh’'s formula in

The actual partition efficiency may be higher or lower terms of the time it takes the laser field to accelerate the
depending on electron collective interaction with the laset€lectron across a distance characterizing the atomic dimen-
light subsequent to their ejection from the cluster. In Sec. IVsions, 7,=(2mea,/e€ )% For the above parameters of in-
we will obtain the distribution function for the ions during terest the wave electric field is so stron§ (£,~1.2) that
their free expansion into the vacuum. From this distributionthe exponential factor representing the tunneling probability
we will evaluate the fusion-reaction rate and the neutroris of order unity. Strictly speaking, under the action of such
yield. The model predicts a neutron yield as a function ofintense laser fields, cluster ionization is not caused by tun-
cluster size that is in reasonable agreement with the Ditmireneling, but rather by field emissiof®], i.e., classical flow
Zweiback(DZ) experiments, without accounting for attenu- over the barrier on the time scater,=0.03fs. Therefore, in
ation of the laser pulse as it propagates through the clustdast-rising laser pulses, hydrogenic cluster atoms are typi-
medium(Sec. VJ. A conclusion, with implications for using cally ionized in a very small fraction of a laser cycle time
the laser-driven Coulomb explosion of clusters as a viable =2.73fs.
neutron source, follows in Sec. VI. However, out on the wings of the laser-intensity profile,
where & /1Ey<1, real tunnel ionization takes place. To ob-
tain the ionization probability in this region we use a conve-
nient formula that is valid in the limit where the wave field is
not too strongf, /£y <1, but not too weaky<1 [7]

In order to achieve high-laser intensities and high-neutron 1 A
yields the laser has to be focused to a tight cylindrical beam. = _, (E) (ﬁ) o W’_@( 1 2” 5
In the DZ experiments the laser beam intersects a cylindrical et En 3&. 107 [
cluster jet at right angles to it. When the laser pulse propa-
gates into the jet it first creates a filament of ionized clusterdiere, w=2.07x 10%s 1 is the hydrogen-ionization energy
with a length 2.5 and a diamete 2L 4. Optical interferom- is frequency units. We note from Fig. 2 of R¢g] that the
etry of the plasma filament was used to determine these dboundary of the interferometric fringe shift column seems to
mensions, however, the filament diameter is not necessarilge located at a radius between 100 to 20, which we
equal to the laser spot sizkat high intensity, since ioniza- identify as the ionization radius—to be definite the point
tion can take place out on the far wings of the laser beamwhere the ionization level is about 10% fw;dt~0.1. To
Therefore, the peak laser intensity and the spot size insidevaluate this integral, and thus deduce the peak laser electric
the cluster medium are not directly measurable. To makdield and intensity at the ionization radius, we assume that
estimates of these important parameters we must account ftire temporal profile of the laser intensity is a Gaussian with
ionization defocusing of the laser beam to a spot size largea full width at half maximum(FWHM) pulse width 7p e
than the spot size measured in the vacuum focus. =35fs. We also assume that the radial profile of the laser

The parameter estimate begins with a brief discussion ohtensity is a Gaussian with FWHM spot diameterGiven
direct laser ionization, sometimes known as field emission othe above information, and the total laser energy delivered,
tunnel ionization, depending on the laser inten$f) The  100-120 mJ, we estimate that the peak laser intensity in the
ionization probability depends on the “adiabaticity” ratio cluster medium lies somewhere in the randggs=(4—8)

Il. LASER INTERACTION WITH CLUSTER
ELECTRONS: A NAIVE MODEL
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X 10 W/cn?, and the spot sizd~40—80um. We will use  therefore it will be disregarded. During the slow-rising part
these laser parameters together with the following nomina®f the laser pulse that can extend over a several-cycle period,

cluster parameters form the DZ experiments: the electric field may be small enough to consider small dis-
placement$&|<1. In that case we can linearize the restoring

solid deuterium densityng,~5.89x 1072 cm™2, force so that Eq(8) goes over to the harmonic oscillator
cluster radiusr.~2 nm, equation,
number of atomgions) per clusterN.~ 3000,
cluster densitynqs~10¢cm ™3, >,  —e&(t)
initial ion density,n;o=NNgus~3X10¥cm 3, a2 T @peX= me (10
average distance between clustégs; Ny ~°~50 nm, . _
smallest dimension of cluster mediua-40—80um. Here we define a “reduced” plasma frequenaypeo

= wpen/V3, With wpe=1.37x10'"°s™* being the electron-

Having established the important parameters we now turplasma frequency at the solidleuterium cluster density.
to the physics of the laser interaction after ionization. TheThe Fourier representation of the displacement is
separation of the cluster electrons from the immobile ions is
characterized by an “instability” when the electric field of _ ef (w)/mg
the wave reaches certain ampli i - X(@)==——"5 1D

plitude exceeding the peak cou Wpep— ©

lomb field for separation. The dynamics of the separation are
described mathematically by making a simplifying assump-Because the laser pulse has virtually no spectral components
tion: the electrons move coherently under the actiobath ~ near the reduced plasma frequenay,/ w?~12) the iner-
forces. We thus envision two interpenetrating, uniformlytial term is negligibly small. Cloud displacement is in phase
charged spherical clouds; the electron-charge distribution rewith the oscillating electric field at any moment, and because
mains rigid, uniform, and spherical during its translationX(w) is so far off resonance, collisional heating is not of
through the immobile ion cloud. Let the center of the ionmaterial interest. Thus, during the pulse rise the electron
cloud be located at the origin. The center of the electrorcloud oscillates back and forth in the laser field without gain-
cloud is located at the displacement distamceSince the ing any net energy from the wave, except for some colli-
electron cloud has uniform densiby=n, the electrostatic sional heating.
restoring force can be conveniently expressed as a surface At some point during the pulse rise the restoring force
integral[8] becomes nonlinear and E@.0) becomes invalid, of course.
Nevertheless even when nonlinearity sets in, the electron in-
ertia in Eq.(8) is still negligible compared to the restoring
force, which still balances the laser force at any given in-
stant. This “quasiadiabatic” motion continues until the laser
where the electrostatic potentid} is associated with the electric field force has reached a point during its cycle when

electric field £&=—V® due to the ion-charge distribution it just becomes equal to the peak in the restoring force. This
only, andA=the unit outward normal on the surface of the 1

! ; , > peak occurs afé|=3 and it has the magnitudesY) e&,-
electron cloud. Let us define a normalized displacement d'slgollowing the tri'omzent of thresholdg] >g; the elecstl;:)n
2

tancegzx/Zr?. Then as long as the two charge OIiStribytionscloud breaks free and escapes the pull of the ions in a frac-
are _overllappmg {1=<¢<1) the result of the surface inte- tion of a laser cycle period. Thus complete ion charge un-
gration yields covering and Coulomb explosions can only be possible if
g2 W s 8L>(5)_£Sur. This inequality, taken together with Eqes)
Fx= = To7ar259M8)(267-9¢ +8[¢)), (7)  and(9), is equivalent to saying that the cluster radiysnust
oc be less than a certain maximum value,

lf=enso|f DAdS, (6)

whereg=eN; is the total ion charge residing in the cluster, _ —8)1/2
and we note thaF, is like a “restoring force” sinceF (&) oI mafNM)=1.653<10" 715", (12

= —F,(—§). The mechanical motion of the electron-cloud which depends on the peak laser intensigyW/cm=2), in

displacemenk is given by the force equation order to have Coulomb explosions in deuterium clusters.

) It is straightforward to find the electron-cloud escape
d_X+ egsursgr‘(f)(2§4—9§2+8|§|): —ea() (9 time, namely, the time to go froré|=1/2 to |£|=1, once
dt*  4m, me the threshold laser field is reached. This is

where we normalized the restoring force to the electric field reme) 2
at the surface of a bare-ion cluster tesc=1.96( el, ) (13

9 enyf Insertingr nay for r. in this result gives the maximum pos-
gSUf_47780r§_ 3gy ©  siple escape timege, =4.96k,e. Even at this maximum
value, the change in the wave phase during escape is still not
Frictional drag caused by collisions with the immobile ion too appreciableA ¢= wtlw~0.83< . Hence, it is guaran-

esc
background does not significantly alter the dynamics, andeed that once threshold is attained, the laser electric field
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will remain higher than the Coulomb restoring force, allow- gL
ing runaway electron escape in a fraction of an oscillation. Cn=——=o—, a7
It is easy to show that the work done by the laser electric _ %peo

field in liberating the electron cloud is just

2 which is identical to Eq.(1). The validity of the linear-

, (14 dielectric model for clusters is indeed limited to small dis-
placements and low-intensity fields, as is well known in gen-

. . : . eral media.
where the first term is the difference in the Coulomb poten-

tial energiesN oy (§=1)— Wy (€= 3), and the last term is
the energy needed to remove the cloud fréml to “infin-

ity” (several cluster radii away The total ion energy re- In this section we examine the dynamics of the Coulomb-
leasedU o, from a fully exploded cluster is given by Eq. explosion phase. Consider a spherically shaped bare-ion
(18) in Sec. lll. Hence, the ideal efficiency for conversion to ¢jyster with a uniform ion density equal to the solid density
En ((92r1)ergyUCOU|IAW is just the numerical constant given by n_ - The Coulomb potential energy is given by

a. (2.

61+1
80

q

T 8megl,

AW

lll. ION-COULOMB EXPLOSION

Once the electron cloud is liberated, it begins to quickly e 302 4mr(eng)?rS
: _ _°<0 2 13> q _ o/ 'c
smear out and overlap other electron clouds from neighbor- U= 5 Ed r= 0 = = ,
ing clusters. The result is that the ionized cluster filament all space TEol ¢ 0
becomes a plasma, in the usual sense that the heavy-ion clus- (18)

ters, before exploding, areell screenedby the electrons. . L i ) L
This is so because the plasma-coupling parameger where &, is the initial radial electrostatic electric field. The

:(ezl)\Debye)(llkTe)~o-Ol is small, i.e., screening is statis- cluster ions then feel the mutually repulsive Coulomb forces

tically valid because there are many electrons in a Deby@nd explode. After the_ions _are_fully explod_ed the potential
sphere. Here we have estimated the Debye lengsfhye energy is transformed into kinetic energy, with mean energy
~0.02m for say~100 eV electrons at the electron density PeT 1o given by
equal ton;y. We see also that the Debye length is much 2 2
smaller than the diameter of the plasma filamesht £ _Nsoffe (19
~40-80um, which is another condition for the plasma pic- o Bgy
ture to be valid. This temperature estimate comes from cal-
culating the rate of collisional heating during the prepulse A deuterium cluster with radius.=2.167 nm would have
while the electron cloud is still bound to the cluster ions. £ _1 kev.

To conclude this section we wish to draw a connection “pying the explosion the jitter motion of the ions in the

between small displacement cloud motion, as described biser electric field can be neglected since the ion-oscillation

Egs. (10) and (11), and the dielectric screening model de- amplitudes,,, = e&, /m w2~ 10~2nm is much smaller than a

scribed by Eq(1). Referenc¢1] adopted a screening model ynica| cluster size. Since there is no ion pressure associated
based upon the linear-dielectric constant of the cluste(iy “random” particle velocities, the ion motion is purely

plasma ball in order to study collisional heating and multiple,5gial and can be adequately described by the cold-ion mo-
ionization of large, rare-gas clusters. The collective motiony,entum equation

of the electron cloud leads to a Coulomb field that partially

screens out the laser field inside the cluster. The total Cou- Do
lomb field at some poinP inside the overlapping clouds is m—=
the superposition of the electric field from the ion cloud and Dt
the electron cloud.

e&, (20)

whereD/Dt=dv/dt+vdv/dr. From Gauss'’s law the chang-
ing electric field in terms of the changing cluster-ion density

o €Ngg) . N .
Ecou™ 380 (Fion— Felectron s (15 ni 1s
0
e (r )
where the radial vectors indicated in Ed.5) extend from 5(“):Wfo ni(r’,tr'=dr’, (21)

the origin of the respective clouds to the polat Since,
Fion— Felectron= X, the total internal electric field inside the

ectror Divide the volume of the cluster into Lagrangian-fluid shells
cluster is given by

defined by their radiusy, at timet=0, and their subsequent
radiusr(rq, t) at timet. Taking the continuity equation

X+& , 16
- (16) n;(r,t)r2dr=ngradro, (22)

Substituting Eq(11) into Eq. (16) gives together with Eq(21) reduces Eq(20) to
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P2¢ wﬁi 0 After the ejected ions have traversed the intercluster distance
2 =3—§2-. (23 I, the cluster graininess is in a way “forgotten” and the
o initial ion density is locally smoothed out. The smoothing

) ) time is essentially instantaneous on the subsequent ion-
where we hazve defmedl/:;\ normalized radiusr (ro,t)/To,  expansion time scale that is longer by the ratig.>1. The
with wpio=(€nsa/£om;) ¥* being the initial ion plasma fre- jiial ion density at positiork would then be
qguency. If we apply the initial conditions=1, 9¢/9t=0 at

t=0, we obtain an implicit equation faf(rg,t) _ dangg (=, )
Nio(X) = 3 f rcg(rc X)drg. (32
VE=Ersinh [(6-D))=VEopot, (29 °

Note that this density is inferred by measuring the electron

density, for example, by optical interferometry. Hence it in-
12 cludes the ions of disassembled clusters that do not undergo

1- %) : (25  a Coulomb explosion;.>r .. We can rewrite Eq(32) as

and the velocity of a Lagrangian shell with time becomes

U(rOat):\/gwpiOrO

Note tha}t the characteristic time scaje of the explosion is t_he Nio(%) =4Trnso|ng(rc ,i)drcfrcrédro. (33
inverse ion plasma frequency: the time to double the radius 0 0
of a deuterium cluster is 12.4 fs or about 4.5 laser cycle _ _ _
times. When the cluster is fully exploded-{=) the ion By interchanging the order of integration, E@®3) can be

energy approaches the asymptotic limit expressed as
ezr(z)nsol va ” 2 ” v
E(ro): . (26) niO(X):47Tnsol rOdrO g(erx)drc- (39
380 0 ro

The total energy is conserved since the final kinetic energyonsequently,
for a fully exploded cluster,
dnio(X) ) ” .
=4angrgdre | g(re,X)dre. (35
drg fo

rC
Ukin:fo NsolE (o) 4T idro, (27)

o ) ) The distribution of energies for ions ejected by Coulomb
equals the initial potential energyco, given by Eq.(18).  explosions (o<l ma) is finally fo(E,X)
We also see from Eq26) that the ions residing on the sur- — (qn., /dr,)/(dE/dr,), or with the aid of Eq.26) again,
face of the clusterrp=r;) acquire the most kinetic energy, this becomes

namely Esur=(§)Eion. In convenient units, with energy in

keV and radius in nm this relation for deuterium can be . 2m(38g)¥EY? [ rmax R
written as fo(E,X)= &nl? i E)g(rc,x)drc, (36)
_ 2
Esu=0.353¢, (28) in which Eq.(26) can be inverted and then substituted for the

12 lower limit on the integral. Although Rayleigh scattering
re=1.678&;- (29) measurements of the cluster plume can provide information
on the average cluster size, the actual form of the size distri-
bution is lacking at this time. We therefore borrow from a
class of parametric forms suggested for characterizing the

The distribution of ion energies from a single cluster is
then F(E)=(dN/dry)/(dE/dry) or

21(384)¥2EL2 sizes of atmospheric aerosols and ice particles in clp@Hs
HE)= ﬁolz— if E<Egqy A particularly simple form used a hereafter is
sol
. 2 1/2 n (>-(>)
=0 if E=Eg,. (30 H—| | 0 —r2/or2
sur g(re,X) Tr) 4r?n7msmrcexq ref2rn], (37

Of course the clusters have many different sizes. When
trying to determine the fusion reactivity from cluster ions wherer, is the radius that peaks the distribution, and the
interacting with ions ejected from other clusters in the en-average radius isavg=(7r/2)1’2rm. Interestingly, this par-
semble the cluster-size distribution is important. Suppose thticular form yields, a Maxwellian velocity distribution, with
clusters can be characterized by a radius-distribution funca constant offset
tion g(r¢), the number of clusters per unit increment in clus-
ter radius. We normalizg such that

32
fo(ﬁ,i):nio(i)( 277-;- ) {exd —mp?/2T, ]

Nelust™ JO g(ro)dre. 31 —exq—miufnaJZT* 1} (38
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Increasing the radius increases the temperafyreand the
D(d,n)® He fusion reaction rate. This trend continues until
saturation followed by a fall off in the neutron yield occurs at
a certain radius. Presumably, the large-radius drop in yield is
X due to the reduction in the density of the fusion-producing
ion tail due to the cutoff energl,.x- The only possible way
to continue the upward trend in neutron yield with cluster
size is to increase the laser intensky,,, along with the
cluster size. However, the enhancement of the fusion-
producing ion tail eventually diminishes with laser intensity
since the second term in E@§38) vanishes exponentially
X with increasingE ax-
% The next two sections are aimed at quantifying these
above hypotheses. To do so we consider in the next section
)8( how the initial distribution function derived here evolves
X

-
o
w»

Neutron Yield
1 Ll 111 II

during its free expansion. Only a small penalty in accuracy is
incurred if, for the sake of mathematical simplicity, we re-
place our initial ion distribution given by Ed38) with an
ordinary Maxwellian distribution function that is simply
truncated forv >v 4. The resulting fusion yield will then
be calculated on the basis of this evolving distribution func-
tion, and it will be compared with the DZ experimental result
in Sec. V.

-
=
-
|

T T
30 40 50 60 70 80 90100
Cluster Size ()

FIG. 1. Neutron yield versus average cluster diameteg, 2
Experimental data points—circles and squares—are taken from Fig. IV. COLLISIONLESS-EXPANSION MODEL
4 of Ref.[3]. Solid curves are calculated from E§O0) using simi-
lar experimental values for the plasma filament mentioned in the We now consider the expansion of a fixed mass of plasma
text, and allowing for a range of laser intensitigd/cn?): (A) 8  into a vacuum. In the past, most problems concerned with
X 10'% (B) 6x 10 (C) 5x10': (D) 4x 10'°. free expansions have treated a cloud of particles initially in

the continuum, or gas-dynamic limit. Here we have a special

This distribution function contains two important param- state of affairs given our assumed cluster-size distribution:
eters: the effective temperatufe (eV), which is related to the initial distribution function of the ions is collisionless yet

the average cluster size Maxwellian, albeit truncated. The initial ion cloud has
roughly the shape of a long-thin cylinder with axial length
4enso|r§\,g 2L, and radiusRy=d/2<2L,. A related collisionless-
* = 3mey (39) expansion problem, with a different approach and objective,

was considered in Ref10]. The collisionless approximation

and the cutoff energy, which is related to the laser intensitys reasonable here since the ion-ion collisional scattering
[[W/cn?] time 7; is about two orders of magnitude longer than the

characteristic radial expansion timee,,~Ry/(T, /m)*?

~0.1ns. Similarly, the ion-electron energy exchange is also
1Tl7) ' (40) sufficiently large provided the electron temperature in the ion

cloud exceeds-100 eV at the beginning of the expansion.
For example, in the DZ experiments a nominal average clusHence, the ions born at each point fly away ballistically and
ter radiusr ,,g=4 nm givesT, =7.23keV or an average ion travel in all directions. Because the laser pulse is depleted
energy of about §)T, =11keV, which is consistent with @long the propagation direction, the intensity, and thus the
the average ion energy determined by neutron—DoppIeW't'al ion distribution function, will vary in the ayal direc-
broadening3]. As a check on the ion-distribution function, ton- However the scale length of the variation is long com-
one can easily verify that the kinetic-energy density of thePared with the radius of the filament. In addition, the pulse-

Coulomb-exploded ions is equal to the potential-energy denPropPagation time along the channel patho2c~7ps is
sity of the preexploded clusters, i.e. short compared te,,,. Therefore, the initial ions are created

in a delta-function time pulse, and we may consider the ex-
Umax oo e [Tmax R p_ansion _to be approximately twp-dimensio@d_iab _at any
fo (z)mvfo(v,X)dv= Jo g(re,X)Ucoufre)dre. given axial location. The evolution of the distribution func-
(41) tion f; can be described by the Boltzmann equation without a
collision term.

1
Ema= 5 mvZ.=9.7(keV)

This distribution function seems to provide a plausible
explanation for the experimentally observed neutron signal a_fiﬂ;.v»f: S0 (42)
as a function of average cluster radius, illustrated in Fig. 1. at : 10
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wheref,g is our initial ion distribution function at=0. Since t
the axial particle motion decouples from the transverse par- F:f
ticle motion, the distribution function for a 2D cylindrical -
expansion can be written in separable form

S(t")Folr'(t"),v, ]dt’. (49

To carry out the integration explicitly we need an initial
N density profile, which we take to be a Gaussian
fey0,F,)=F(v, ,x,r,1)G(v)), Yy P

43
m; 12 mivf
Cwl=\7m7,] &9~ 7T,

(1) =5 X ~1?IRG), (50
0

. . . . .. with a 1k core radius equal t&,. The fixed number of
wherer is the radial coordinate, is the transverse velocity exploded ions of speciesin the cluster ensemble i,
i -

corrzlponent,g” is the axial velocity componentvf=uv? Then for outgoingingoing ions F=F , (F ) where
+v}), andy is the local angle between the transverse veloc-

ity vector Jé and the ralldiug; \;fezctg?, i.e.,v,=v, COSY, Uy . N, ( m; ) +2t(r2p2 — p2)l2—y2
= . £ + = e
v, siny. Consequently, Eq42) becomes ST AR\ 2T, X RZ
JF JF sin,\/ JF 2 2.2
= g, 2 v vyt
gt UL eOSX Uy dx S(UFo, (44) xex;{—v—é( —lgz ” (51)
ti 0
in which

and the initial ion thermal speed ig;= (2T, /m;)Y2. After

some rearrangement, this result can be expressed in velocity-
. space variables, ,v,. It follows that the distribution func-
tion takes the form of a shifted bi-Maxwellian with a radial
flow u;, (r,t):

m mivi
Fo(r,vi):nio(r) ﬁ exp — oT
* *

Both v, and the angular momentum per unit maps,

=rvy, are constant; of motion during. the expansion. For m M |12
convenience, the variables , y, and_r will be transformed fi eyn= ni,cyn( _') (_')
to a new sev, , p, andr, thus reducing Eq44) to the new 27T )\ 27T,
form mivg mi(Ur_uir)2 mivf
oF [, pA\ Xexr{_ 2T, 2T, 2T,|"
EJF vi+r_2) W‘ =5(1)Fg. (45
vLP for vi+uvi+vi=vl,, (52)

The distribution function remains constant along a CharaCterExpressions for the normalized radial flow velocity, trans-

istic described by the equation verse temperaturg, (t), longitudinal temperaturd,, core
radiusR(t), and densityn(r,t) are given by

dr
dt= ——1p- (46)
2 p2 e _ U r/Utit R(Z)
vityz Ton R ThEe TeTe
i 0
vtzit2

By radial symmetry= (v, ,x.,r,t)=F(v,,—x,r,t). Thus we

only consider ion trajectories in the phase-space region 0

<x<ar. In this region, ions at some position on a circle with

radiusr at timet are either “inbound” (cog<0) or they are

“outbound” (cosx>0). In-bound ions have characteristics

defined by The same type of analysis can be extended to the 3D spheri-
cally symmetric expansion, and the 1D slab expansion,

242\ t/2 N r2
ti I
"R 1+F7o) © e T o R() exp(_W)'

I,/
t—tkiﬁ qc%f—pﬁfuﬁg, (47) . m; |32 mKU_WJZ_
i,sph_ni,sp m ex _T =0
and out-bound ions have characteristics
for vZ=v2,,
r
r_ 2.2 2\—1/2
t—t J}ﬁ(s vi—p) s, (49 o, oyt R2 vtzitz) 112
U=—=——, T=T,=3, R=Ry|1+—| ,
where the primed variables denote the particle’s position at Uti & R Ro
an earlier time in terms of its position at tintelntegrating vﬁt2
Eq. (45) along these characteristics gives (53
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N; r2 From the generalized linear dispersion relatiad], we find
Ni sph= 7PR(1)° exp — R(OZ) for our parameters of interest a purely growing mode that has
a maximum growth rate

- m, m, 1/2 B 8 E% 1/2 TL 1/2 1_1 3/2
fi,slab_ni,sla ﬁ FTH Yinst— 27 Ti m; Wp miCZ TJ_ '
Xexr{_mi(vr2+v§)_mi(vll_uir)2 o at
2T, 2T, T 1/2
k== —”—1)
2 2 2 2 31 Ti ’
for vy +vyTvi=vmae
wherewy,; is the ion-plasma frequency. Evidently, the insta-
L2 bility is probable since there are unstable wave numkers
g Yz _Zvd 0 T,= =R, ! fitting in the cylindrical pl f radiugy. How-
== T”:T*F' T,=T,. (549 =R, fitting in the cylindrical plasma of radiuR,. How
Ut Ro ever, for typical parameters the maximum growth rate is

vit? slow on the expansion time scal€,,Yins™ 1073, Clearly,
this electromagnetic instability is too benign to isotropize the
ion-distribution function during expansion.

1+—t2i 2>1/2 n = N exr< z )
2 ’ i,slab— /. 2 - 2"
Lo PSR L (HRG L(t) V. FUSION NEUTRON YIELD AND COMPARISON
WITH EXPERIMENT

L:LO

Here, we defineL, to be the initial 1¢ half-width in the
longitudinal z direction, andR, the fixed radius such that
Lo<Ry.

Note that in all three cases the time history of the tem-
perature in the expansion direction is the same. This can béov)= f f f1(0)Fa(02) 01— 02|01~ 02])d% 1%,
understood from the fluid point of view. If the cloud were a vi-t2 (55)
collisional fluid, each fluid element with volume elemant
would obey the adiabatic laWV(*~ ), wherey is the adia-  where the distribution functions of the interacting ion species
batic constant. In the case of tf@&D) spherically symmetric  are normalized to unity, and is the reaction cross section,
expansion all three degrees of freedom participate in the exyhich depends only on the relative speed of imphbt

pansion, therefore/=5/3. For the cylinder expansion, only —7|. The fusion reaction rate per unit time and unit volume
two degrees of freedom are attributable to the motion in thgs then

transverse direction, sg=2, and for the planar expansion
y=3. Hence, in all three cases the temperature decreases nin,
with the square of the cloud dimension in the expansion R:T<‘"’>' (553
direction. From the standpoint of maintaining a high-fusion
reactivity during the expansion, the 3D expansion seems twhere § is 1 for unlike species and 2 for like species. The
be the least desirabl@nd hardest to realize in practjdee-  total neutron yield from the expanding ion cloud is then
cause the temperature drop is isotropic and the density decay
is the fastest. The 1D expansion is the most favorable be- N _ jwdtf RA3F
cause the temperature corresponding to the two perpendicu- neutrori— J vol '
lar degrees of freedorit;, remains constant, and also the
density decay is the slowest. Such a 1D expansion could be Various mathematical methods have been employed to
envisioned by creating a sheetlike-cluster beam right fronteduce the sixfold reactivity integral to a manageable form.
the beginning by using a tapered supersonic nozzle sectidfor example, Ref[12] describes a general method that is
with a slit-shaped exit, instead of a round hole. One couldparticularly useful when an isotropic distribution interacts
then use a cylindrical lens to focus the laser to a cylindricalwith an arbitrary anisotropic distribution. An example of that
beam normal to the plane of the cluster sheet. This woulds a Maxwellian species interacting with a bi-Maxwellian,
form a shell-like plasma cloud that subsequently undergoes wahere reduction of the reactivity to a double integral is pos-
nearly 1D expansion. sible. Here we have in general two bi-Maxwellian species
There may be a concern that the ion temperature anisotateracting with each other, for which there does not seem to
ropy would drive a well-known transverse electromagneticbe a reduction technique available in the literature. Two ad-
instability, which would tend to drive the distribution func- ditional complications arise in the evaluation of the reactivity
tion toward isotropy,T, ~T,. In the case of the cylindrical integral because the distribution functions are drifting and
expansion the instability generates an electric field in theéruncated.
axial direction, a magnetic field in the azimuthal direction, In the following we shall confine our calculation to like
and the significant wavenumberis in the radial direction. species fusion interactions, e.g., the D-D reaction rate, be-

The reactivity for binary nuclear reactions has the sym-
lic definition,

(56)
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cause the common drift speed simplifies our mathematicahis limit we could have computed the reactivity by going
approach. It is convenient to make two velocity space transinto the reference frame moving with the local drift velocity
formations involving perpendicular and parallel velocity u;, . This would greatly simplify the evaluation of the fusion

components. The relative velocity components are: yield since(ov) would have only a temporal dependence,
.. . through the temperaturg, . Unfortunately, this transforma-
Vi=U2 7 V1 57 tionis clearly not expedient whan,,.is in reality finite: the
- R time and space dependencies irv )" are actually mixed,
U= (vg—vy)é;, (58) i)

making the fusion reactivity and yield calculations more
complicated.
Returning to Eq(62), the remaining integrals over thie
and L relative velocity components can be done easily by
1 transforming to the spherical polar coordinate system,
ljuzi(ﬁn"‘ﬁu)v (59 27v, dv, dv;— 27 duv? dv(0<v<2vma), Such thatu,
=uv, v, =(1-u?)Y%. The fusion cross sectiorg E) are
usually expressed in terms of the energy varialile
JC“=§(U2H+U1”)éZ, (60  =mv?/2. After first performing the integration over the
angle coordinate:, we encounter only the single integral

with maxo, +v;|=maxv|=2vyax, and the center-of-mass
velocity components are,

with maxXie, +0g|=maXv=vmax. Since the Jacobian of the
transformation is unity then  d%,d%, (o0)"=
=dxcve due dvg27v, dv, dv, wherey, is the angle be-
tweenuv., and the radial coordinate.

For the cylindrical expansiof; f, becomes

2T, \"2CM(w, k) (242
m, 2)1/2 o —1i)

(v—w
xerflig v 1=1)"2e” "o (4T,) ndy.
(65

ffo— @ 1 ex Ms(Urve, COSXc_urz)
Ye\2n) 1,12 2T,

A similar reduction can be applied to the cluster expan-
sion in 1D slab geometry. Omitting the details we obtain

2 2 2 2
Mgvc, +Mut Mg+ M|
Xexp{— — , (61 2T 1/2Cslab( T 2
2T 2T v,UiK) 26 -
+ | <UU>S|ab: m*) (1_1/)1/2 erf[nllz(y 1_1)1/2]
r
where mg=2mp, and reduced mass, =mp/2. After first
performing the integration in the angular variable<(§. xe To(qT, )y, (66)
<27), and then in the variabley, where |vq|<(vZa
_03)1/2, Eq. (55) now reads where in this expression=T(t)/T, <1, and
mp | 3 CY(v,U; k erff (2/v)Y4 k—u)]+erf (2/v)Y( k-1
<Gv>cyn=(_o) TN o (2 A=W ]+ erf (20) A <~ W)
27T THTL v, 2
f ol mo?  mo? B exd — 2«2+ 2u?/(1—v)]
X . v|v]o(|v])exg — 2T, - 2T, | 2(1— )72
(62) x{erf[ 2Y2(v—1v?) " YA k— kv—1)]
Here, theC®™ function is an abbreviation for the integral +erf 2Y%(v—v?) VA k— kv +U) ]}, (67)

over the variable) ., (0<v¢, <vmay . .
In order to compare our results with the deuterium-cluster

experiments we have used the most up-to-datd, D¢He
fusion cross-section formula developed by Bosch and Hale
[13]. It is convenient to work with nondimensional notation:
X erf{ 22k (1—x?)Y?]dx, (63  p=r/Ry, £é=t/(Ry/vy). Noting thatv=1/(1+ £2), and we

_ N ) can write (ov)?"=CY(v,u;k)S(&;«). The neutron pro-
wherel is a modified Bessel function of the order zero, erfqyction rate per unit lengthalong the plasma filament is the
is the_ error_funcnon, and we have introduced some importantesit of the volume integration in E¢56), with the cylin-
nondimensional parameters, drical volume element beind®f =2 (d2)r dr. After much

simplification this is
K:Umax/Uti:(Emax/T*)llzv V:Ti(t)/T* ) P

4K2 -2 1 2.2 _
CHYN=—g~2u ’”f xe 2Ky T Aukx/ v]
v 0

d2Nneutron_ 2 WRSniZOS( v K)

U:Uir(r,t)/l)ti ) (64) =
dtdz (1+&?) :

(68)

where recall thatE,,, is defined in Eq.(40). Notice that
CY" -1 in the limit v pay,k—, reflecting the fact that in  where
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) 1 107
V=162 f pe—ZPz( J xe 26| [ 44 £px]
0 0
2rayg=200A
X erf[ 22 (1— x2)1’2]dx) dp. 10°
z
Since thep integration involving the modified Bessel func- 2 ; 2havg =80 A
tion 1, can be done analytically14], we can reduce the § 10
double integral to a single integral that evidently has no time 3
dependence, namely =
1, 10*
\If(K)=4K2f xe 2% erf 212, (1—x?)Y2)dx. (69)
0
Since the error function is an integral, we may reverse the 1()31 T T,
order of integration in Eq(69) to reveal its analytical form Intensity (1017 Wiem?)

_ 2012 2 N2 avef _ 52
W (k) =erf(26?) V2] = 2(26% m) M exi — 2471 (70) FIG. 2. Calculated neutron yield versus laser intensity for two

average cluster sizes 2,4. Plasma filament parameters used are the

The total neutron yield per unit lengthalong the plasma % " Fig. 1.

filament is finally reduced to a tim@r normalized tempera-
turev) integral over the time-dependent p&of the fusion

S and the estimation of the ionization radius in Sec. I, we
reactivity integral

estimate that the laser intensity in the cluster plume was in
R 2 the rangel =4—-8x 10**W/cn? (the maximum laser inten-
—O)(WRS)—'O‘P(K) sity in the vacuum focus waz 10" W/cn¥). In presenting
Ut 4 our results we will vary the laser intensity with fixed quan-
1 tities: njo~3x10%cm 3, Ry=85.5um, and 2.,=0.2cm.
XJ S(v;k)[v(1—v)] Ydv. (71)  Figure 1 displays the experimental neutron yield versus the
0 average cluster diameter. The yield ramps up steeply with
cluster size and reaches a peak value followed by a roll over.
The peak value of the neutron yield occurs B¢~ 50 to 60
A, and by 2,,,=100A the yield has fallen to about one-
third of its peak value. Although the scatter in the data is
considerable, it appears that our model seems to be in rea-
sonable agreement when we chooke 5x 10'W/cn?.
What is clear from the data is that there is a much larger

- ; scatter in the neutron signal for the large 100-A diameter
starts to decrease for sufficiently high temperatures. S&ce . sters than is present for cluster diameter40 A. We

and theSintegral in Eq.(71) contain the fusion cross-section pejieve this is due to that the uncertainty and variation in the

integral, the net result is that the neutron yield has an optifignt intensity used in the experiments. As shown in Fig. 2
mum peak with temperaturg, , or cluster size. Indeed this he calculated neutron signal expected from the larger clus-
seems to be the case if we compare our result with the dai@ s increases much more rapidly with laser intensity than it

of Ref. [3]. does for the smaller clusters. However a point of diminishing

The present calculations are incomplete, inasmuch as the%yms is reached where further increases in the laser inten-
neglect absorption and attenuation of the laser pulse alongy, 4o not pay off.

the propagation direction, henae actually has & depen- As we might expect, for a given laser intensity the maxi-
dence. In the DZ experiments it was determined that the lasef,m neutron yield is associated with a definite average clus-
pulse does not fully penetrate to the high-density core of theg; gjze  requiring larger sizes for higher laser intensities.
cluster stream produced by the supersaturated gas jet. OWigence in matters of practical application where it is desir-
to the radial density profile of the gas jet, the initial ion gpie to maximize the neutron yield, for example, the proper

density njo also varies along the length of the plasma fila- 41ch between cluster size and laser intensity must be taken
ment. A study of laser absorption in a cluster jet is beyonqnio account.

the scope of this paper, however. Therefore we shall regard

and n;, as length-average quantities along the plasma fila-

ment, and estimate the total neutron vyield BSeyton

~ (2L ) (dNneutron/ d2) avg- The major thrust of the present work has been to develop
The initial average ion density is equal to the cluster atomanalytical distribution functions for the Coulomb-exploded

density that was found to be in the rangg,~2-4 ions, and from these to analytically determine the D-D fusion

x10°cm™3. Based on the observed plasma filament sizeneutron reactivity. It provides a framework in which one can

d Nneutron:
dz

The physical meaning of th# function is now clear. If
we fix the laser intensity, i.eE,axWhile increasing the clus-
ter size, or temperaturd decreases monotonically from its
asymptotic low-temperature limi¥’ — 1, k— o, to its oppo-
site high-temperature limitr —0,«—0. A similar limiting
effect happens to th8 function; the number density of ions
that can have fusion reactions below the cutoff endgy

VI. CONCLUSION
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predict the scaling of the present DZ experimental results t@rably more complicated especially when these forces are
larger-sized deuterium clusters and to larger laser energieomparable as they are fog~r ... We must also consider
and intensities. We have calculated the distribution of exthe partial liberation of some of the electrons from a cluster
ploded ions for a given distribution of cluster sizes and foundwith radiusr.>r ., and the resulting partial Coulomb ex-
that the temperatur@, of the distribution depends on the plosion. In other words the boundary in terms of cluster ra-
average cluster size squared, while the maximum the ion tadius between the fully exploded clusters and the unexploded
energy E..x depends on the laser intensity. As describedclusters is actually fuzzy. One could anticipate that the
above, we find that with a reasonable choice for the clustecritical-cluster radius is not so well defined, since the restor-
size distribution produced from the supersaturated gas jeing force derived in Sec. Il explicitly assumes that the
the resulting ion distributions appear to be Maxwellian-like electron-charge distribution remains rigid, uniform, and
in form, allowing an analytically tractable solution of the spherical. As the displacement between the electron and ion
neutron reactivity. Our analysis suggests that a saturation areddlouds becomes appreciablé—1/2), the electron cloud
rollover of the neutron production is expected to occur withwill distort in shape, thereby lowering the Coulomb-restoring
increasing average cluster size at a fixed laser intensity, dsrce. In addition, to the extent that the electrons are colli-
only clusters up to radius, 4, producing ions with maximum sionally heated during the laser pulse, the electron cloud will
energyE ., undergo a full Coulomb explosion. A similar develop a nonuniform density distribution characterized by
rollover effect is observed in the DZ experiments; the averthe electron temperature and local density. We expect that
age cluster size at the peak of the neutron yield is in reasorihe width of the boundary in terms of the energy will be of
able agreement with this model. order kT,. Hence the maximum ion energy would be
Zweibacket al. [3] explained the neutron rollover as be- ~E o+ KTe~Emax asT is estimated to be of order100—
ing primarily due to enhanced laser absorption in larger-300 eV.
sized clusters. They note that as the cluster size was in- It has been shown that even with quite modest laser pulses
creased, the plasma filament from the laser-ionized clustersf 0.1 J per pulse, a significant number of fusion neutrons
was observed to penetrate somewhat less far into the plume10* can be generated by laser-induced Coulomb explo-
of the gas jet. In the peripheral regions of the gas jet, theions in solid-deuterium clusters, in agreement with current
average atom density is expected to be lower, and thus thexperimentg3]. Zweibacket al. [3] point out that the burst
D-D fusion neutron yield~n?% may be reduced. However, of neutrons from laser-driven Coulomb explosions in cluster
by performing the integrals in Eq40), we find that the media could become a valuable research tool for use in the
kinetic-energy density of the Coulomb-exploded ions isfield of neutron-induced material damage studies. Ultrashort-
~n;oT, H(k), whereH (k) is a steeply rising function of the neutron pump-probe experiments permit time-resolved stud-
parameterk = (En./T,)"? for k<2. Hence, in the rollover ies of neutron damage. Such a neutron source would provide
region (k<1) the laser energy absorbed by the Coulomb-valuable information on neutron material damage to fusion-
explosion mechanism actually decreases for larger-sizettactor components. These neutron sources become attrac-
clusters. Hence collisional absorption must be causing intive if the neuron flux at a distance of about 1 mm from the
creased laser-light absorption when the cluster size increasesqurce exceeds 18m~2s™. To achieve this, we might con-
We should point out some important caveats in oursider using a 1-J laser with the same pulse width and spot
model. First, within our simplified model of the laser-cluster size as used in the DZ experiments. This would lead to a
interaction in Sec. Il, we have assumed that clusters of radiuenfold increase in the laser intensity in the cluster stream,
r =T may are fully stripped of their electrons. This drives the ~5x 10" W/cm™2. To optimize the neutron yield at this in-
Coulomb explosion resulting in hot-tail ions up to energy oftensity, this model indicates that the average cluster diameter
Enax fesponsible for the bulk of the neutron-producing fu-would have to be fairly large, 176 A. The combination of this
sion events. For clusters of radiug>r ,, We have assumed cluster size and laser intensity would dramatically increase
that the ionized clusters remain fully neutralized by the osthe neutron yield to 1.62 10° neutrons per pulse. For a rep-
cillating electron cloud, and therefore do not undergo Cou<£tition rate of 10 Hz, the neutron flux at a distance of about
lomb explosions. One may allow for collisional heating by 1 mm from the source would becomex40®cm ?s™,
inverse bremsstrahlung, during and after which the resultingvhich is more than adequate. In a deuterium-tritium cluster
hydrodynamic pressure drives the expansion of the largemedium the 14.1-MeV fusion neutrons generated could pro-
clusters leading to ions of energykT,. Ambipolar expan- duce the same flux at a distance of 1.4 cm from the source,
sion of large rare-gas clusters have been calculated prevénabling damage studies in larger samples.
ously (e.g., see Ditmirest al.[1]), but for deuterium clusters
the co_llisional heating is much less and one expects de;uteron ACKNOWLEDGMENTS
energies of at most only-200 eV, not sufficient to drive
D-D fusion reactions. Consequently, we have so far ne- We would like to mention that the ion energy distribution
glected the production of hot fusion-producing tail ions andfunction for a single cluster, Eq30), was also derived
fusion neutrons for clusters having initial radiog>r - independently by L. J. Perkins using a different approach.
The motion of the electrons under the action of the strongNe appreciate helpful discussions with J. Zweiback and
laser electric field and the strong-Coulomb forces, is considT. Ditmire.
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