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Model of neutron-production rates from femtosecond-laser–cluster 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 Ditmire@T. Ditmire et al.,
Nature398, 489 ~1999!# and Zweiback@J. Zweibacket al., Phys. Rev. Lett.84, 2634 ~2000!; J. Zweiback
et al., Phys. Rev. Lett.85, 3640~2000!#.
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I. INTRODUCTION

The absorption of ultrashort high-intensity laser pulses
gases at near atmospheric pressures is very ineffective.
main heating mechanism is above-threshold ionization~ATI !
@1#; a collisionless process in which laser energy can
transferred directly to an electron subsequent to its ion
tion, provided the time to ionize the electron exceeds a
laser cycle times. At high laser powersI>1016W/cm2 the
time criterion is satisfied only forZ.1 gases capable o
multiple ionization. However, the energy distribution of AT
heated electrons is such that the average energy gained
exceeds;60 eV in helium gas illuminated by a laser inte
sity of I;1017W/cm2. The electron energy is less for high
Z gases due to the energy drain associated with the pro
tion of higher ionization states.

Laser absorption is greatly enhanced in gases contai
solid atomic clusters@1#. A cluster is an aggregate of atom
(;103– 104 atoms/cluster) bound together by their mutua
attractive van der Waals forces. Clusters are freque
formed by nucleation when a cold, high-pressure gas jet
dergoes further expansion cooling in a supersonic noz
When a cluster plume is illuminated by laser light field io
ization sets free initial electrons, forming a high-dens
plasma ball. Due to the high electron-ion scattering rate,
lisional, or inverse bremsstrahlung heating dominates li
absorption, which is much greater than the ATI absorpt
process.

Extensive experimentation with large~;10 nm diameter!
rare-gas clusters have been reported by Ditmireet al. and
later by Zweibacket al. using a laser having a 130-fs puls
width centered at 825 nm, and a peak intensity
;1016W/cm2 @1#. The laser-cluster interaction produced
dense ball of plasma with high initial electron temperatu
in the 100 to 1000 eV range, far above that of the neutral
with equivalent volume-averaged mass density. The expa
ing plasma ball creates an ambipolar potential, which in t
accelerates the ions to high energies;ZTe whereZ is the
mean ion charge state. A zero-dimensional cluster disass
bly model @1# supports these results, and elucidates m
general features of the ionization and heating of modera
high-Z clusters. The dynamics of the cluster plasma ball
1050-2947/2001/63~6!/063203~12!/$20.00 63 0632
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pear to be governed by a balance between collisional hea
and expansion cooling. An interesting ‘‘resonanc
absorption’’ peak occurs momentarily during the expans
when the plasma electron density passes through a reson
point vpe

2 53v2 wherevpe5(e2ne /«0me)
1/2 is the electron

plasma frequency, andv is the laser frequency. Because th
wavelength of the light is much larger than the diameter
the cluster the electric fieldEL can be taken as uniform. Ac
cordingly, the cluster plasma acts like a spherical dielec
with an internal electric field given by@1#

Ein5
3

21«~v!
EL , ~1!

where the plasma dielectric constant is given by«(v)51
2vpe

2 /v2. Strong collisional absorption results at the res
nance pointvpe

2 53v2 when the singularity is resolved b
electron-ion collisions.

The use of a frequency-dependent linear dielectric c
stant has a limited application, however. It is meaning
only when the time scale over which the cluster electr
density changes is longer than a few laser cycle times.
though this condition is marginally satisfied in the case
moderately high-Z clusters, a different regime presents itse
when high-intensity laser pulses irradiatehydrogen clusters.
As shown in Sec. II, the electron dynamics under the act
of the laser field can proceed on a time scale much fa
than the wave frequency, and cluster disassembly is a
gether quite different.

Our focus in this paper is on laser interaction with a h
drogenic cluster medium. We are motivated to explain
first experimental results on fusion neutron production
ported by Ditmireet al. @2# and Zweibacket al. @3# when an
intense 35-fs laser pulse irradiated a deuterium cluster
Measurements of the 2.45-MeV neutron burst from t
D1D→He31n reaction seem to suggest that the ions w
created by Coulomb explosion events. Simply put, under
action of intense-laser light the electrons are driven out of
cluster, uncovering bare-ion charge. The ions subseque
explode under their own space-charge forces. Ions eje
from different clusters collide with each other to cause fus
reactions. The laser-cluster interaction is a novel ‘‘bea
©2001 The American Physical Society03-1
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PARKS, COWAN, STEPHENS, AND CAMPBELL PHYSICAL REVIEW A63 063203
beam’’ fusion approach to neutron generation, and is of c
temporary interest as a potential subnanosecond neu
source for time, resolved material damage studies@3,4#.

This paper presents anab initio calculation of the neutron
yield expected from the interaction of an intense-laser pu
with hydrogenic cluster medium. The first part of this pap
describes a naive model for the behavior of the cluster e
trons under the action of the laser light, Sec. II. Because
electron dynamics in the laser field is nonlinear, collect
phenomena can only be studied more thoroughly with
help of detailed three-dimensional~3D! numerical simula-
tions. In Sec. III we present a model for the ion-Coulom
explosion phase. Because of their high density, atomic c
ters can be very efficient at absorbing laser energy and
erating fast ions by the Coulomb explosion process. Dis
garding collisional heating, the remainder of the absorb
laser energy needed to create a bare-ion cluster is partial
verted to the ions with an ideal efficiency shown below
Eq. ~14!,

~ ion kinetic energy!

~absorbed laser energy!
5

32

47
568%. ~2!

The actual partition efficiency may be higher or low
depending on electron collective interaction with the la
light subsequent to their ejection from the cluster. In Sec.
we will obtain the distribution function for the ions durin
their free expansion into the vacuum. From this distribut
we will evaluate the fusion-reaction rate and the neut
yield. The model predicts a neutron yield as a function
cluster size that is in reasonable agreement with the Ditm
Zweiback~DZ! experiments, without accounting for atten
ation of the laser pulse as it propagates through the clu
medium~Sec. V!. A conclusion, with implications for using
the laser-driven Coulomb explosion of clusters as a via
neutron source, follows in Sec. VI.

II. LASER INTERACTION WITH CLUSTER
ELECTRONS: A NAIVE MODEL

In order to achieve high-laser intensities and high-neut
yields the laser has to be focused to a tight cylindrical be
In the DZ experiments the laser beam intersects a cylindr
cluster jet at right angles to it. When the laser pulse pro
gates into the jet it first creates a filament of ionized clust
with a length 2L0 and a diameter!2L0 . Optical interferom-
etry of the plasma filament was used to determine these
mensions, however, the filament diameter is not necess
equal to the laser spot sized at high intensity, since ioniza
tion can take place out on the far wings of the laser be
Therefore, the peak laser intensity and the spot size in
the cluster medium are not directly measurable. To m
estimates of these important parameters we must accoun
ionization defocusing of the laser beam to a spot size la
than the spot size measured in the vacuum focus.

The parameter estimate begins with a brief discussion
direct laser ionization, sometimes known as field emission
tunnel ionization, depending on the laser intensity@5#. The
ionization probability depends on the ‘‘adiabaticity’’ rati
06320
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g5v/v t where v is the light frequency, v t

5eEL /(2mefH)1/2 is the inverse tunneling time,fH
513.6 eV is the ionization potential of the hydrogen ato
and EL is the laser electric field. For plane-polarized lig
with EL5EL cosvt the amplitude can be related to laser i
tensity I @W cm22# by

EL@V/m#52750I 1/2. ~3!

In the DZ experiments with laser wavelengthl5820 nm,
and nominal peak intensity along the axis of the filamenI
5531016W/cm22, one gets v52.331015s21, EL56.1
31011V/m, andg50.0465. Of interest to us in the prese
paper is the adiabatic limit,g!1, where the probability of
ionization for a hydrogen atom in the ground state can
described by Keldysh’s formula@6#

wi>1.48ta
21 expH 2

2EH

3EL
S 12

1

10
g2D J , ~4!

in which EH5me
2e5\2455.14231011V/m is the atomic

electric field at the Bohr radiusa055.29310211m. We have
written the preexponential factor in Keldysh’s formula
terms of the time it takes the laser field to accelerate
electron across a distance characterizing the atomic dim
sions,ta5(2mea0 /eEL)1/2. For the above parameters of in
terest the wave electric field is so strong (EL /EH'1.2) that
the exponential factor representing the tunneling probab
is of order unity. Strictly speaking, under the action of su
intense laser fields, cluster ionization is not caused by t
neling, but rather by field emission@5#, i.e., classical flow
over the barrier on the time scale;ta50.03 fs. Therefore, in
fast-rising laser pulses, hydrogenic cluster atoms are t
cally ionized in a very small fraction of a laser cycle tim
tL52.73 fs.

However, out on the wings of the laser-intensity profi
whereEL /EH!1, real tunnel ionization takes place. To o
tain the ionization probability in this region we use a conv
nient formula that is valid in the limit where the wave field
not too strongEL /EH!1, but not too weakg!1 @7#

wi>2vHS 3

p D 1/2S EL

EH
D 3/2

expH 2
2EH

3EL
S 12

1

10
g2D J , ~5!

Here,vH52.0731016s21 is the hydrogen-ionization energ
is frequency units. We note from Fig. 2 of Ref.@2# that the
boundary of the interferometric fringe shift column seems
be located at a radius between 100 to 200mm, which we
identify as the ionization radius—to be definite the po
where the ionization level is about 10% or*widt;0.1. To
evaluate this integral, and thus deduce the peak laser ele
field and intensity at the ionization radius, we assume t
the temporal profile of the laser intensity is a Gaussian w
a full width at half maximum~FWHM! pulse widthtpulse
535 fs. We also assume that the radial profile of the la
intensity is a Gaussian with FWHM spot diameterd. Given
the above information, and the total laser energy deliver
100–120 mJ, we estimate that the peak laser intensity in
cluster medium lies somewhere in the range,I 0'(4 – 8)
3-2
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MODEL OF NEUTRON-PRODUCTION RATES FROM . . . PHYSICAL REVIEW A63 063203
31016W/cm2, and the spot sized'40– 80mm. We will use
these laser parameters together with the following nom
cluster parameters form the DZ experiments:

solid deuterium density,nsol;5.8931022cm23,
cluster radius,r c;2 nm,
number of atoms~ions! per cluster,Nc;3000,
cluster density,nclust;1016cm23,
initial ion density,ni05Ncnclust;331019cm23,
average distance between clusters,l c;nclust

21/3;50 nm,
smallest dimension of cluster mediumd;40– 80mm.

Having established the important parameters we now
to the physics of the laser interaction after ionization. T
separation of the cluster electrons from the immobile ion
characterized by an ‘‘instability’’ when the electric field o
the wave reaches certain amplitude exceeding the peak
lomb field for separation. The dynamics of the separation
described mathematically by making a simplifying assum
tion: the electrons move coherently under the action ofboth
forces. We thus envision two interpenetrating, uniform
charged spherical clouds; the electron-charge distribution
mains rigid, uniform, and spherical during its translati
through the immobile ion cloud. Let the center of the i
cloud be located at the origin. The center of the elect
cloud is located at the displacement distancex. Since the
electron cloud has uniform densityne5nsol the electrostatic
restoring force can be conveniently expressed as a sur
integral @8#

FW 5ensolE Fn̂dS, ~6!

where the electrostatic potentialF is associated with the
electric field E52¹F due to the ion-charge distributio
only, andn̂5the unit outward normal on the surface of th
electron cloud. Let us define a normalized displacement
tancej5x/2r c . Then as long as the two charge distributio
are overlapping (21<j<1) the result of the surface inte
gration yields

Fx52
q2

16p«0r c
2 sgn~j!~2j429j218uju!, ~7!

whereq5eNc is the total ion charge residing in the cluste
and we note thatFx is like a ‘‘restoring force’’ sinceFx(j)
52Fx(2j). The mechanical motion of the electron-clou
displacementx is given by the force equation

d2x

dt2
1

eEsur

4me
sgn~j!~2j429j218uju!5

2eEL~ t !

me
, ~8!

where we normalized the restoring force to the electric fi
at the surface of a bare-ion cluster

Esur5
q

4p«0r c
2 5

ensolr c

3«0
. ~9!

Frictional drag caused by collisions with the immobile io
background does not significantly alter the dynamics, a
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therefore it will be disregarded. During the slow-rising pa
of the laser pulse that can extend over a several-cycle pe
the electric field may be small enough to consider small d
placementsuju!1. In that case we can linearize the restori
force so that Eq.~8! goes over to the harmonic oscillato
equation,

d2x

dt2
1v̄pe0

2 x5
2eEL~ t !

me
. ~10!

Here we define a ‘‘reduced’’ plasma frequencyv̄pe0
5vpe0 /), with vpe051.3731016s21 being the electron-
plasma frequency at the solid~deuterium! cluster density.
The Fourier representation of the displacement is

x~v!52
eEL~v!/me

v̄pe0
2 2v2 . ~11!

Because the laser pulse has virtually no spectral compon
near the reduced plasma frequency (v̄pe0

2 /v2'12) the iner-
tial term is negligibly small. Cloud displacement is in pha
with the oscillating electric field at any moment, and becau
x(v) is so far off resonance, collisional heating is not
material interest. Thus, during the pulse rise the elect
cloud oscillates back and forth in the laser field without ga
ing any net energy from the wave, except for some co
sional heating.

At some point during the pulse rise the restoring for
becomes nonlinear and Eq.~10! becomes invalid, of course
Nevertheless even when nonlinearity sets in, the electron
ertia in Eq.~8! is still negligible compared to the restorin
force, which still balances the laser force at any given
stant. This ‘‘quasiadiabatic’’ motion continues until the las
electric field force has reached a point during its cycle wh
it just becomes equal to the peak in the restoring force. T

peak occurs atuju5 1
2 and it has the magnitude (15

32 )eEsur.
Following the moment of threshold,uju. 1

2 , the electron
cloud breaks free and escapes the pull of the ions in a f
tion of a laser cycle period. Thus complete ion charge
covering and Coulomb explosions can only be possible

EL.( 15
32 )Esur. This inequality, taken together with Eqs.~3!

and~9!, is equivalent to saying that the cluster radiusr c must
be less than a certain maximum value,

r c,r max~nm![1.65331028I 0
1/2, ~12!

which depends on the peak laser intensityI 0 (W/cm22), in
order to have Coulomb explosions in deuterium clusters.

It is straightforward to find the electron-cloud esca
time, namely, the time to go fromuju51/2 to uju51, once
the threshold laser field is reached. This is

tesc51.96S r cme

eEL
D 1/2

. ~13!

Inserting r max for r c in this result gives the maximum pos
sible escape timetesc

max54.96/vpe0 . Even at this maximum
value, the change in the wave phase during escape is stil
too appreciable:Df5vtesc

max'0.83!p. Hence, it is guaran-
teed that once threshold is attained, the laser electric fi
3-3
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will remain higher than the Coulomb restoring force, allo
ing runaway electron escape in a fraction of an oscillatio

It is easy to show that the work done by the laser elec
field in liberating the electron cloud is just

DW5
q2

8p«0r c
S 61

80
11D , ~14!

where the first term is the difference in the Coulomb pot
tial energiesWcoul (j51)2Wcoul (j5 1

2 ), and the last term is
the energy needed to remove the cloud fromj51 to ‘‘infin-
ity’’ ~several cluster radii away!. The total ion energy re-
leasedUcoul from a fully exploded cluster is given by Eq
~18! in Sec. III. Hence, the ideal efficiency for conversion
ion energyUcoul/DW is just the numerical constant given b
Eq. ~2!.

Once the electron cloud is liberated, it begins to quic
smear out and overlap other electron clouds from neighb
ing clusters. The result is that the ionized cluster filam
becomes a plasma, in the usual sense that the heavy-ion
ters, before exploding, arewell screenedby the electrons.
This is so because the plasma-coupling parameteg
5(e2/lDebye)(1/kTe);0.01 is small, i.e., screening is stati
tically valid because there are many electrons in a De
sphere. Here we have estimated the Debye lengthlDebye
;0.02mm for say;100 eV electrons at the electron dens
equal toni0 . We see also that the Debye length is mu
smaller than the diameter of the plasma filamentd
;40– 80mm, which is another condition for the plasma pi
ture to be valid. This temperature estimate comes from
culating the rate of collisional heating during the prepul
while the electron cloud is still bound to the cluster ions.

To conclude this section we wish to draw a connect
between small displacement cloud motion, as described
Eqs. ~10! and ~11!, and the dielectric screening model d
scribed by Eq.~1!. Reference@1# adopted a screening mod
based upon the linear-dielectric constant of the clus
plasma ball in order to study collisional heating and multip
ionization of large, rare-gas clusters. The collective mot
of the electron cloud leads to a Coulomb field that partia
screens out the laser field inside the cluster. The total C
lomb field at some pointP inside the overlapping clouds i
the superposition of the electric field from the ion cloud a
the electron cloud.

EWcoul5
ensol

3«0
~rW ion2rWelectron!, ~15!

where the radial vectors indicated in Eq.~15! extend from
the origin of the respective clouds to the pointP. Since,
rW ion2rWelectron5xW , the total internal electric field inside th
cluster is given by

EW in5
ensol

3«0
xW 1EWL , ~16!

Substituting Eq.~11! into Eq. ~16! gives
06320
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EW in5
EWL

12
vW pe0

2

v2

, ~17!

which is identical to Eq.~1!. The validity of the linear-
dielectric model for clusters is indeed limited to small d
placements and low-intensity fields, as is well known in ge
eral media.

III. ION-COULOMB EXPLOSION

In this section we examine the dynamics of the Coulom
explosion phase. Consider a spherically shaped bare
cluster with a uniform ion density equal to the solid dens
nsol. The Coulomb potential energy is given by

Ucoul5
«0

2 E
all space

E0
2d3rW5

3q2

20p«0r c
5

4p~ensol!
2r c

5

15«0
,

~18!

whereE0 is the initial radial electrostatic electric field. Th
cluster ions then feel the mutually repulsive Coulomb forc
and explode. After the ions are fully exploded the poten
energy is transformed into kinetic energy, with mean ene
per ion given by

Ēion5
nsole

2r c
2

5«0
. ~19!

A deuterium cluster with radiusr c52.167 nm would have
Ēion51 keV.

During the explosion the jitter motion of the ions in th
laser electric field can be neglected since the ion-oscilla
amplituded ion5eEL /miv

2;1022 nm is much smaller than a
typical cluster size. Since there is no ion pressure associ
with ‘‘random’’ particle velocities, the ion motion is purely
radial and can be adequately described by the cold-ion
mentum equation

mi

Dv
Dt

5eE, ~20!

whereD/Dt5]v/]t1v]v/]r . From Gauss’s law the chang
ing electric field in terms of the changing cluster-ion dens
ni is

E~r ,t !5
e

«0r 2 E
0

r

ni~r 8,t !r 82dr8, ~21!

Divide the volume of the cluster into Lagrangian-fluid she
defined by their radiusr 0 , at timet50, and their subsequen
radiusr (r 0 , t) at time t. Taking the continuity equation

ni~r ,t !r 2dr5nsolr 0
2dr0 , ~22!

together with Eq.~21! reduces Eq.~20! to
3-4



-

th
iu
cl

rg

r-
,

be

is

he
ns
n
th
n
s

nce
e
g
ion-

ron
n-
ergo

b

he
g
tion
stri-
a
the

he

MODEL OF NEUTRON-PRODUCTION RATES FROM . . . PHYSICAL REVIEW A63 063203
]2j

]t2U
r 0

5
vpi0

2

3j2 , ~23!

where we have defined a normalized radiusj5r (r 0 ,t)/r 0 ,
with vpi05(e2nsol/«0mi)

1/2 being the initial ion plasma fre
quency. If we apply the initial conditionsj51, ]j/]t50 at
t50, we obtain an implicit equation forj(r 0 ,t)

Aj22j1sinh21@~j21!1/2#5A2
3 vpi0t, ~24!

and the velocity of a Lagrangian shell with time becomes

v~r 0 ,t !5A 2
3 vpi0r 0S 12

1

j~ t ! D
1/2

. ~25!

Note that the characteristic time scale of the explosion is
inverse ion plasma frequency: the time to double the rad
of a deuterium cluster is 12.4 fs or about 4.5 laser cy
times. When the cluster is fully exploded (j→`) the ion
energy approaches the asymptotic limit

E~r 0!5
e2r 0

2nsol

3«0
. ~26!

The total energy is conserved since the final kinetic ene
for a fully exploded cluster,

Ukin5E
0

r c
nsolE~r 0!4pr 0

2dr0 , ~27!

equals the initial potential energyUcoul given by Eq.~18!.
We also see from Eq.~26! that the ions residing on the su
face of the cluster (r 05r c) acquire the most kinetic energy

namely Esur5( 5
3 )Ēion . In convenient units, with energy in

keV and radius in nm this relation for deuterium can
written as

Esur50.355r c
2, ~28!

r c51.678Esur
1/2. ~29!

The distribution of ion energies from a single cluster
thenF(E)5(dN/dr0)/(dE/dr0) or

F~E!5
2p~3«0!3/2E1/2

e3nsol
1/2 if E<Esur

50 if E>Esur. ~30!

Of course the clusters have many different sizes. W
trying to determine the fusion reactivity from cluster io
interacting with ions ejected from other clusters in the e
semble the cluster-size distribution is important. Suppose
clusters can be characterized by a radius-distribution fu
tion g(r c), the number of clusters per unit increment in clu
ter radius. We normalizeg such that

nclust5E
0

`

g~r c!drc . ~31!
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After the ejected ions have traversed the intercluster dista
l c the cluster graininess is in a way ‘‘forgotten’’ and th
initial ion density is locally smoothed out. The smoothin
time is essentially instantaneous on the subsequent
expansion time scale that is longer by the ratiod/ l c@1. The
initial ion density at positionxW would then be

ni0~xW !5
4pnsol

3 E
0

`

r c
3g~r c ,xW !drc . ~32!

Note that this density is inferred by measuring the elect
density, for example, by optical interferometry. Hence it i
cludes the ions of disassembled clusters that do not und
a Coulomb explosion,r c.r max. We can rewrite Eq.~32! as

ni0~xW !54pnsolE
0

`

g~r c ,xW !drcE
0

r c
r 0

2dr0 . ~33!

By interchanging the order of integration, Eq.~33! can be
expressed as

ni0~xW !54pnsolE
0

`

r 0
2dr0E

r 0

`

g~r c ,xW !drc . ~34!

Consequently,

dni0~xW !

dr0
54pnsolr 0

2dr0E
r 0

`

g~r c ,xW !drc . ~35!

The distribution of energies for ions ejected by Coulom
explosions (r c,r max) is finally f 0(E,xW )
5(dni0 /dr0)/(dE/dr0), or with the aid of Eq.~26! again,
this becomes

f 0~E,xW !5
2p~3«0!3/2E1/2

e3nsol
1/2 E

r 0~E!

r max
g~r c ,xW !drc , ~36!

in which Eq.~26! can be inverted and then substituted for t
lower limit on the integral. Although Rayleigh scatterin
measurements of the cluster plume can provide informa
on the average cluster size, the actual form of the size di
bution is lacking at this time. We therefore borrow from
class of parametric forms suggested for characterizing
sizes of atmospheric aerosols and ice particles in clouds@9#.
A particularly simple form used a hereafter is

g~r c ,xW !5S 2

p D 1/2 ni0~xW !

4r m
5 pnsol

r c exp@2r c
2/2r m

2 #, ~37!

where r m is the radius that peaks the distribution, and t
average radius isr avg5(p/2)1/2r m . Interestingly, this par-
ticular form yields, a Maxwellian velocity distribution, with
a constant offset

f 0~vW ,xW !5ni0~xW !S mi

2pT*
D 3/2

$exp@2miv
2/2T* #

2exp@2mivmax
2 /2T* #%. ~38!
3-5
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This distribution function contains two important param
eters: the effective temperatureT* (eV), which is related to
the average cluster size

T* 5
4ensolr avg

2

3p«0
, ~39!

and the cutoff energy, which is related to the laser inten
I @W/cm2#

Emax[
1

2
mivmax

2 59.7~keV!S I

1017D . ~40!

For example, in the DZ experiments a nominal average c
ter radiusr avg54 nm givesT* 57.23 keV or an average ion

energy of about (32 )T* 511 keV, which is consistent with
the average ion energy determined by neutron-Dop
broadening@3#. As a check on the ion-distribution function
one can easily verify that the kinetic-energy density of
Coulomb-exploded ions is equal to the potential-energy d
sity of the preexploded clusters, i.e.,

E
0

vmax
~ 1

2 !miv
2f 0~vW ,xW !d3vW 5E

0

r max
g~r c ,xW !Ucoul~r c!drc .

~41!

This distribution function seems to provide a plausib
explanation for the experimentally observed neutron sig
as a function of average cluster radius, illustrated in Fig

FIG. 1. Neutron yield versus average cluster diameter, 2r avg.
Experimental data points—circles and squares—are taken from
4 of Ref. @3#. Solid curves are calculated from Eq.~70! using simi-
lar experimental values for the plasma filament mentioned in
text, and allowing for a range of laser intensities~W/cm2!: ~A! 8
31016; ~B! 631016; ~C! 531016; ~D! 431016.
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Increasing the radius increases the temperatureT* , and the
D(d,n)3 He fusion reaction rate. This trend continues un
saturation followed by a fall off in the neutron yield occurs
a certain radius. Presumably, the large-radius drop in yiel
due to the reduction in the density of the fusion-produc
ion tail due to the cutoff energyEmax. The only possible way
to continue the upward trend in neutron yield with clus
size is to increase the laser intensityEmax, along with the
cluster size. However, the enhancement of the fusi
producing ion tail eventually diminishes with laser intens
since the second term in Eq.~38! vanishes exponentially
with increasingEmax.

The next two sections are aimed at quantifying the
above hypotheses. To do so we consider in the next sec
how the initial distribution function derived here evolve
during its free expansion. Only a small penalty in accurac
incurred if, for the sake of mathematical simplicity, we r
place our initial ion distribution given by Eq.~38! with an
ordinary Maxwellian distribution function that is simpl
truncated forv.vmax. The resulting fusion yield will then
be calculated on the basis of this evolving distribution fun
tion, and it will be compared with the DZ experimental res
in Sec. V.

IV. COLLISIONLESS-EXPANSION MODEL

We now consider the expansion of a fixed mass of plas
into a vacuum. In the past, most problems concerned w
free expansions have treated a cloud of particles initially
the continuum, or gas-dynamic limit. Here we have a spe
state of affairs given our assumed cluster-size distributi
the initial distribution function of the ions is collisionless y
Maxwellian, albeit truncated. The initial ion cloud ha
roughly the shape of a long-thin cylinder with axial leng
2L0 and radius R05d/2!2L0 . A related collisionless-
expansion problem, with a different approach and object
was considered in Ref.@10#. The collisionless approximation
is reasonable here since the ion-ion collisional scatter
time t i i is about two orders of magnitude longer than t
characteristic radial expansion timetexp;R0 /(T* /mi)

1/2

;0.1 ns. Similarly, the ion-electron energy exchange is a
sufficiently large provided the electron temperature in the
cloud exceeds;100 eV at the beginning of the expansio
Hence, the ions born at each point fly away ballistically a
travel in all directions. Because the laser pulse is deple
along the propagation direction, the intensity, and thus
initial ion distribution function, will vary in the axial direc-
tion. However the scale length of the variation is long co
pared with the radius of the filament. In addition, the puls
propagation time along the channel path 2L0 /c;7 ps is
short compared totexp. Therefore, the initial ions are create
in a delta-function time pulse, and we may consider the
pansion to be approximately two-dimensional~radial! at any
given axial location. The evolution of the distribution fun
tion f i can be described by the Boltzmann equation withou
collision term.

] f i

]t
1vW •¹W f i5d~r ! f i0 , ~42!

ig.

e
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wheref i0 is our initial ion distribution function att50. Since
the axial particle motion decouples from the transverse p
ticle motion, the distribution function for a 2D cylindrica
expansion can be written in separable form

f cyn~vW ,rW,t !5F~v' ,x,r ,t !G~v i!,
~43!

G~v i!5S mi

2pT*
D 1/2

expF2
miv i

2

2T*
G ,

wherer is the radial coordinate,v' is the transverse velocity
component,v i is the axial velocity component (v25v'

2

1v i
2), andx is the local angle between the transverse vel

ity vector vW' and the radius vectorrW, i.e., v r5v' cosx, vu
5v' sinx. Consequently, Eq.~42! becomes

]F

]t
5v' cosx

]F

]r
2v'

sinx

r

]F

]x
5d~ t !F0 , ~44!

in which

F0~r ,v'!5ni0~r !S mi

2pT*
DexpF2

miv'
2

2T*
G .

Both v' and the angular momentum per unit mass,p
5rvu , are constants of motion during the expansion. F
convenience, the variablesv' , x, andr will be transformed
to a new setv' , p, andr, thus reducing Eq.~44! to the new
form

]F

]t
1S v'

2 1
p2

r 2 D 1/2]F

]r U
v' ,p

5d~ t !F0 . ~45!

The distribution function remains constant along a charac
istic described by the equation

dt5
dr

S v'
2 1

p2

r 2 D 1/2. ~46!

By radial symmetryF(v' ,x,r ,t)5F(v' ,2x,r ,t). Thus we
only consider ion trajectories in the phase-space regio
,x,p. In this region, ions at some position on a circle w
radiusr at timet are either ‘‘inbound’’ (cosx,0) or they are
‘‘outbound’’ (cosx.0). In-bound ions have characteristic
defined by

t2t85E
r

r 8
§~§2v'

2 2p2!21/2d§, ~47!

and out-bound ions have characteristics

t2t85E
r 8

r

§~§2v'
2 2p2!21/2d§, ~48!

where the primed variables denote the particle’s position
an earlier time in terms of its position at timet. Integrating
Eq. ~45! along these characteristics gives
06320
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F5E
2`

t

d~ t8!F0@r 8~ t8!,v'#dt8. ~49!

To carry out the integration explicitly we need an initi
density profile, which we take to be a Gaussian

ni0~r !5
Ni

2pL0R0
2 exp@2r 2/R0

2#, ~50!

with a 1/e core radius equal toR0 . The fixed number of
exploded ions of speciesi in the cluster ensemble isNi .
Then for outgoing~ingoing! ions F5F1(F2) where

F65
Ni

pL0R0
2 S mi

2pT*
DexpF62t~r 2v'

2 2p2!1/22r 2

R0
2 G

3expF2
v'

2

v t i
2 S 11

v t i
2 t2

R0
2 D G , ~51!

and the initial ion thermal speed isv t i5(2T* /mi)
1/2. After

some rearrangement, this result can be expressed in velo
space variablesv r ,vu . It follows that the distribution func-
tion takes the form of a shifted bi-Maxwellian with a radi
flow uir (r ,t):

f i ,cyn5ni ,cynS mi

2pT'
D S mi

2pTi
D 1/2

3expF2
mivu

2

2T'

2
mi~v r2uir !

2

2TL
2

miv i
2

2Ti
G50

for v r
21vu

21v i
2>vmax

2 , ~52!

Expressions for the normalized radial flow velocity, tran
verse temperatureT'(t), longitudinal temperatureTi , core
radiusR(t), and densityn(r ,t) are given by

ū5
uir

v t i
5

r /v t i t

11
R0

2

v t i
2 t2

, T'5T*
R0

2

R2 , Ti5T* ,

R5R0S 11
v t i

2 t2

R0
2 D t/2

, ni ,cyn5
Ni

pLR~ t !2 expS 2
r 2

R~ t !2D .

The same type of analysis can be extended to the 3D sp
cally symmetric expansion, and the 1D slab expansion,

f i ,sph5ni ,sphS mi

2pTD 3/2

expF2
mi~v2uir !

2

2T G50

for v2>vmax
2 ,

uW 5
uir

v t i
5

r /v t i t

11
R0

2

v t i
2 t2

, T5T*
R0

2

R2 , R5R0S 11
v t i

2 t2

R0
2 D 1/2

,

~53!
3-7
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ni ,sph5
Ni

p3/2R~ t !3 expS 2
r 2

R~ t !2D .

f i ,slab5ni ,slabS mi

2pT'
D S mi

2pTi
D 1/2

3expF2
mi~v r

21vu
2!

2T'

2
mi~v i2uir !

2

2Ti
G50

for v r
21vu

21v i
2>vmax

2 .

ū5
uiz

v t i
5

z/v t i t

11
R0

2

v t i
2 t2

, Ti5T*
L0

2

L2 , T'5T* . ~54!

L5L0S 11
v t i

2 t2

L0
2 D 1/2

, ni ,slab5
Ni

p3/2L~ t !R0
2 expS 2

z2

L~ t !2D .

Here, we defineL0 to be the initial 1/e half-width in the
longitudinal z direction, andR0 the fixed radius such tha
L0!R0 .

Note that in all three cases the time history of the te
perature in the expansion direction is the same. This can
understood from the fluid point of view. If the cloud were
collisional fluid, each fluid element with volume elementV
would obey the adiabatic lawTV(g21), whereg is the adia-
batic constant. In the case of the~3D! spherically symmetric
expansion all three degrees of freedom participate in the
pansion, thereforeg55/3. For the cylinder expansion, onl
two degrees of freedom are attributable to the motion in
transverse direction, sog52, and for the planar expansio
g53. Hence, in all three cases the temperature decre
with the square of the cloud dimension in the expans
direction. From the standpoint of maintaining a high-fusi
reactivity during the expansion, the 3D expansion seem
be the least desirable~and hardest to realize in practice! be-
cause the temperature drop is isotropic and the density d
is the fastest. The 1D expansion is the most favorable
cause the temperature corresponding to the two perpend
lar degrees of freedomT' remains constant, and also th
density decay is the slowest. Such a 1D expansion could
envisioned by creating a sheetlike-cluster beam right fr
the beginning by using a tapered supersonic nozzle sec
with a slit-shaped exit, instead of a round hole. One co
then use a cylindrical lens to focus the laser to a cylindri
beam normal to the plane of the cluster sheet. This wo
form a shell-like plasma cloud that subsequently undergo
nearly 1D expansion.

There may be a concern that the ion temperature an
ropy would drive a well-known transverse electromagne
instability, which would tend to drive the distribution func
tion toward isotropy,T''Ti . In the case of the cylindrica
expansion the instability generates an electric field in
axial direction, a magnetic field in the azimuthal directio
and the significant wavenumberk is in the radial direction.
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From the generalized linear dispersion relation@11#, we find
for our parameters of interest a purely growing mode that
a maximum growth rate

g inst5S 8

27p

Te

Ti

me

mi
D 1/2

vpiS T'

mic
2D 1/2S Ti

T'

21D 3/2

,

at

k5
vpi

31/2c S Ti

T'

21D 1/2

,

wherevpi is the ion-plasma frequency. Evidently, the inst
bility is probable since there are unstable wave numberk
>R0

21 fitting in the cylindrical plasma of radiusR0 . How-
ever, for typical parameters the maximum growth rate
slow on the expansion time scale,texpginst;1023. Clearly,
this electromagnetic instability is too benign to isotropize t
ion-distribution function during expansion.

V. FUSION NEUTRON YIELD AND COMPARISON
WITH EXPERIMENT

The reactivity for binary nuclear reactions has the sy
bolic definition,

^sv&5E
vW 1

E
vW 2

f 1~vW 1! f 2~vW 2!uvW 12vW 2us~ uvW 12vW 2u!d3vW 1d3vW 2 ,

~55!

where the distribution functions of the interacting ion spec
are normalized to unity, ands is the reaction cross section
which depends only on the relative speed of impactuvW 1
2 v̄2u. The fusion reaction rate per unit time and unit volum
is then

R5
nin2

d
^sv&, ~55a!

whered is 1 for unlike species and 2 for like species. T
total neutron yield from the expanding ion cloud is then

Nneutron5E
0

`

dtE
vol

Rd3rW. ~56!

Various mathematical methods have been employed
reduce the sixfold reactivity integral to a manageable for
For example, Ref.@12# describes a general method that
particularly useful when an isotropic distribution interac
with an arbitrary anisotropic distribution. An example of th
is a Maxwellian species interacting with a bi-Maxwellia
where reduction of the reactivity to a double integral is po
sible. Here we have in general two bi-Maxwellian spec
interacting with each other, for which there does not seem
be a reduction technique available in the literature. Two
ditional complications arise in the evaluation of the reactiv
integral because the distribution functions are drifting a
truncated.

In the following we shall confine our calculation to lik
species fusion interactions, e.g., the D-D reaction rate,
3-8



ic
n

ity

s

e

l

r
ta

g
ty
n
e,
-

re

by
m,

e

n-

ter

ale
n:

e

MODEL OF NEUTRON-PRODUCTION RATES FROM . . . PHYSICAL REVIEW A63 063203
cause the common drift speed simplifies our mathemat
approach. It is convenient to make two velocity space tra
formations involving perpendicular and parallel veloc
components. The relative velocity components are:

vW'5vW 2'2vW 1' , ~57!

vW i5~v2i2v1i!êz , ~58!

with maxuvW' 1vWiu5maxuvWu52vmax, and the center-of-mas
velocity components are,

vW c'5
1

2
~vW 2'1vW 1'!, ~59!

vW ci5
1

2
~v2i1v1i!êz , ~60!

with maxuvWc'1vWciu5maxuvWcu5vmax. Since the Jacobian of th
transformation is unity then d3vW 1d3vW 2
5dxcvc'dvc'dvci2pv'dv'dv i , wherexc is the angle be-
tweenvW c' and the radial coordinate.

For the cylindrical expansionf 1f 2 becomes

f 1f 25S mD

2p D 3 1

TiT'
2 expFms~urvc' cosxc2ur

2!

2T'
G

3expF2
msvc'

2 1mrv'
2

2T'

2
msvci

2 1mrv i
2

2Ti
G , ~61!

where ms52mD , and reduced massmr5mD/2. After first
performing the integration in the angular variable (0,xc

,2p), and then in the variablevci , where uvciu,(vmax
2

2vc'
2 )1/2, Eq. ~55! now reads

^sv&cyn5S mD

2p D 3 Ccyn~n,ū;k!

TiT'
2 E

v'

2pv'dv'

3E
v i

dv iuvW us~ uvW u!expF2
mrv'

2

2T'

2
mrv i

2

2Ti
G .

~62!

Here, theCcyn function is an abbreviation for the integra
over the variablevc'(0,vc',vmax)

Ccyn5
4k2

n
e22uW 2/nE

0

1

xe22k2x2/nI 0@4ūkx/n#

3erf@21/2k~12x2!1/2#dx, ~63!

whereI 0 is a modified Bessel function of the order zero, e
is the error function, and we have introduced some impor
nondimensional parameters,

k5vmax/v t i5~Emax/T* !1/2, n5T'~ t !/T* ,

ū5uir ~r ,t !/v t i , ~64!

where recall thatEmax is defined in Eq.~40!. Notice that
Ccyn→1 in the limit vmax,k→`, reflecting the fact that in
06320
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this limit we could have computed the reactivity by goin
into the reference frame moving with the local drift veloci
uir . This would greatly simplify the evaluation of the fusio
yield since^sv& would have only a temporal dependenc
through the temperatureT' . Unfortunately, this transforma
tion is clearly not expedient whenvmax is in reality finite: the
time and space dependencies in^sv&cyn are actually mixed,
making the fusion reactivity and yield calculations mo
complicated.

Returning to Eq.~62!, the remaining integrals over thei
and' relative velocity components can be done easily
transforming to the spherical polar coordinate syste
2pv'dv'dv i→2p dmv2 dv(0,v,2vmax), such that v i

5mv, v'5(12m2)1/2v. The fusion cross sectionss(E) are
usually expressed in terms of the energy variableE
5mrv

2/2. After first performing the integration over th
angle coordinatem, we encounter only the single integral

^sv&cyn5S 2T*
mr

D 1/2Ccyn~n,ū;k!

~n2n2!1/2 E
0

2k2

~2 i !

3erf@ ih1/2~v2121!1/2#e2h/vs~hT* !h1/2dh.

~65!

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

^sv&slab5S 2T*
mr

D 1/2Cslab~n,ū;k!

~12n!1/2 E
0

2k2

erf@h1/2~n2121!1/2#

3e2hs~hT* !h1/2dh, ~66!

where in this expressionn5Ti(t)/T* ,1, and

Cslab5
erf@~2/n!1/2~k2ū!#1erf@~2/n!1/2~k2ū!#

2

2
exp@22k212ū2/~12n!#

2~12n!1/2

3$erf@21/2~n2n2!21/2~k2kn2ū!#

1erf@21/2~n2n2!21/2~k2kn1ū!#%, ~67!

In order to compare our results with the deuterium-clus
experiments we have used the most up-to-date D(d,n)3He
fusion cross-section formula developed by Bosch and H
@13#. It is convenient to work with nondimensional notatio
r5r /R0 , j5t/(R0 /v t i). Noting thatn51/(11j2), and we
can write ^sv&cyn5Ccyn(n,ū;k)S(j;k). The neutron pro-
duction rate per unit lengthz along the plasma filament is th
result of the volume integration in Eq.~56!, with the cylin-
drical volume element beingd3rW52p(dz)r dr . After much
simplification this is

d2Nneutron

dt dz
5

2pR0
2ni0

2 S~n;k!

~11j2!
C, ~68!

where
3-9
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C516k2E
0

`

re22r2S E
0

1

xe22k2x2/vI 0@4kjrx#

3erf@21/2k~12x2!1/2#dxD dr.

Since ther integration involving the modified Bessel func
tion I 0 can be done analytically@14#, we can reduce the
double integral to a single integral that evidently has no ti
dependence, namely

C~k!54k2E
0

1

xe22k2x2
erf@21/2k~12x2!1/2#dx. ~69!

Since the error function is an integral, we may reverse
order of integration in Eq.~69! to reveal its analytical form

C~k!5erf@~2k2!1/2#22~2k2/p!1/2exp@22k2#. ~70!

The total neutron yield per unit lengthz along the plasma
filament is finally reduced to a time~or normalized tempera
ture v! integral over the time-dependent partS of the fusion
reactivity integral

dNneutron

dz
5S R0

v t i
D ~pR0

2!
ni0

2

4
C~k!

3E
0

1

S~n;k!@n~12n!#21/2dn. ~71!

The physical meaning of theC function is now clear. If
we fix the laser intensity, i.e.,Emax while increasing the clus
ter size, or temperature,C decreases monotonically from it
asymptotic low-temperature limit,C→1, k→`, to its oppo-
site high-temperature limitC→0,k→0. A similar limiting
effect happens to theS function; the number density of ion
that can have fusion reactions below the cutoff energyEmax
starts to decrease for sufficiently high temperatures. SincS,
and theS integral in Eq.~71! contain the fusion cross-sectio
integral, the net result is that the neutron yield has an o
mum peak with temperatureT* , or cluster size. Indeed thi
seems to be the case if we compare our result with the
of Ref. @3#.

The present calculations are incomplete, inasmuch as
neglect absorption and attenuation of the laser pulse a
the propagation direction, hencek, actually has az depen-
dence. In the DZ experiments it was determined that the la
pulse does not fully penetrate to the high-density core of
cluster stream produced by the supersaturated gas jet. O
to the radial density profile of the gas jet, the initial io
densityni0 also varies along the length of the plasma fi
ment. A study of laser absorption in a cluster jet is beyo
the scope of this paper, however. Therefore we shall regak
and ni0 as length-average quantities along the plasma
ment, and estimate the total neutron yield asNneutron
'(2L0)(dNneutron/dz)avg.

The initial average ion density is equal to the cluster at
density that was found to be in the rangeni0;2 – 4
31019cm23. Based on the observed plasma filament s
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and the estimation of the ionization radius in Sec. II, w
estimate that the laser intensity in the cluster plume was
the rangeI 54 – 831016W/cm2 ~the maximum laser inten
sity in the vacuum focus was>1017W/cm2!. In presenting
our results we will vary the laser intensity with fixed qua
tities: ni0'331019cm23, R0585.5mm, and 2L050.2 cm.
Figure 1 displays the experimental neutron yield versus
average cluster diameter. The yield ramps up steeply w
cluster size and reaches a peak value followed by a roll o
The peak value of the neutron yield occurs at 2r avg'50 to 60
Å, and by 2r avg5100 Å the yield has fallen to about one
third of its peak value. Although the scatter in the data
considerable, it appears that our model seems to be in
sonable agreement when we chooseI 5531016W/cm2.
What is clear from the data is that there is a much lar
scatter in the neutron signal for the large 100-Å diame
clusters than is present for cluster diameters,40 Å. We
believe this is due to that the uncertainty and variation in
light intensity used in the experiments. As shown in Fig
the calculated neutron signal expected from the larger c
ters increases much more rapidly with laser intensity tha
does for the smaller clusters. However a point of diminish
returns is reached where further increases in the laser in
sity do not pay off.

As we might expect, for a given laser intensity the ma
mum neutron yield is associated with a definite average c
ter size, requiring larger sizes for higher laser intensiti
Hence, in matters of practical application where it is des
able to maximize the neutron yield, for example, the pro
match between cluster size and laser intensity must be ta
into account.

VI. CONCLUSION

The major thrust of the present work has been to deve
analytical distribution functions for the Coulomb-explode
ions, and from these to analytically determine the D-D fus
neutron reactivity. It provides a framework in which one c

FIG. 2. Calculated neutron yield versus laser intensity for t
average cluster sizes 2r avg. Plasma filament parameters used are
same as in Fig. 1.
3-10
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predict the scaling of the present DZ experimental result
larger-sized deuterium clusters and to larger laser ener
and intensities. We have calculated the distribution of
ploded ions for a given distribution of cluster sizes and fou
that the temperatureT* of the distribution depends on th
average cluster size squared, while the maximum the ion
energy Emax depends on the laser intensity. As describ
above, we find that with a reasonable choice for the clu
size distribution produced from the supersaturated gas
the resulting ion distributions appear to be Maxwellian-li
in form, allowing an analytically tractable solution of th
neutron reactivity. Our analysis suggests that a saturation
rollover of the neutron production is expected to occur w
increasing average cluster size at a fixed laser intensity
only clusters up to radiusr max producing ions with maximum
energyEmax, undergo a full Coulomb explosion. A simila
rollover effect is observed in the DZ experiments; the av
age cluster size at the peak of the neutron yield is in reas
able agreement with this model.

Zweibacket al. @3# explained the neutron rollover as b
ing primarily due to enhanced laser absorption in larg
sized clusters. They note that as the cluster size was
creased, the plasma filament from the laser-ionized clus
was observed to penetrate somewhat less far into the pl
of the gas jet. In the peripheral regions of the gas jet,
average atom density is expected to be lower, and thus
D-D fusion neutron yield;ni0

2 may be reduced. Howeve
by performing the integrals in Eq.~40!, we find that the
kinetic-energy density of the Coulomb-exploded ions
;ni0T* H(k), whereH(k) is a steeply rising function of the
parameterk5(Emax/T* )1/2 for k,2. Hence, in the rollover
region (k,1) the laser energy absorbed by the Coulom
explosion mechanism actually decreases for larger-s
clusters. Hence collisional absorption must be causing
creased laser-light absorption when the cluster size increa

We should point out some important caveats in o
model. First, within our simplified model of the laser-clust
interaction in Sec. II, we have assumed that clusters of ra
r c<r max are fully stripped of their electrons. This drives th
Coulomb explosion resulting in hot-tail ions up to energy
Emax responsible for the bulk of the neutron-producing f
sion events. For clusters of radiusr c.r max we have assumed
that the ionized clusters remain fully neutralized by the
cillating electron cloud, and therefore do not undergo C
lomb explosions. One may allow for collisional heating
inverse bremsstrahlung, during and after which the resul
hydrodynamic pressure drives the expansion of the la
clusters leading to ions of energy;kTe . Ambipolar expan-
sion of large rare-gas clusters have been calculated p
ously ~e.g., see Ditmireet al. @1#!, but for deuterium clusters
the collisional heating is much less and one expects deut
energies of at most only;200 eV, not sufficient to drive
D-D fusion reactions. Consequently, we have so far
glected the production of hot fusion-producing tail ions a
fusion neutrons for clusters having initial radiusr c.r max.
The motion of the electrons under the action of the stro
laser electric field and the strong-Coulomb forces, is con
06320
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erably more complicated especially when these forces
comparable as they are forr c;r max. We must also conside
the partial liberation of some of the electrons from a clus
with radiusr c.r max, and the resulting partial Coulomb ex
plosion. In other words the boundary in terms of cluster
dius between the fully exploded clusters and the unexplo
clusters is actually fuzzy. One could anticipate that t
critical-cluster radius is not so well defined, since the rest
ing force derived in Sec. II explicitly assumes that t
electron-charge distribution remains rigid, uniform, a
spherical. As the displacement between the electron and
clouds becomes appreciable (j→1/2), the electron cloud
will distort in shape, thereby lowering the Coulomb-restori
force. In addition, to the extent that the electrons are co
sionally heated during the laser pulse, the electron cloud
develop a nonuniform density distribution characterized
the electron temperature and local density. We expect
the width of the boundary in terms of the energy will be
order kTe . Hence the maximum ion energy would b
;Emax1kTe'Emax, asTe is estimated to be of order;100–
300 eV.

It has been shown that even with quite modest laser pu
of 0.1 J per pulse, a significant number of fusion neutro
;104 can be generated by laser-induced Coulomb exp
sions in solid-deuterium clusters, in agreement with curr
experiments@3#. Zweibacket al. @3# point out that the burst
of neutrons from laser-driven Coulomb explosions in clus
media could become a valuable research tool for use in
field of neutron-induced material damage studies. Ultrash
neutron pump-probe experiments permit time-resolved s
ies of neutron damage. Such a neutron source would pro
valuable information on neutron material damage to fusi
reactor components. These neutron sources become a
tive if the neuron flux at a distance of about 1 mm from t
source exceeds 109 cm22 s21. To achieve this, we might con
sider using a 1-J laser with the same pulse width and s
size as used in the DZ experiments. This would lead t
tenfold increase in the laser intensity in the cluster strea
;531017W/cm22. To optimize the neutron yield at this in
tensity, this model indicates that the average cluster diam
would have to be fairly large, 176 Å. The combination of th
cluster size and laser intensity would dramatically incre
the neutron yield to 1.623106 neutrons per pulse. For a rep
etition rate of 10 Hz, the neutron flux at a distance of ab
1 mm from the source would become 43109 cm22 s21,
which is more than adequate. In a deuterium-tritium clus
medium the 14.1-MeV fusion neutrons generated could p
duce the same flux at a distance of 1.4 cm from the sou
enabling damage studies in larger samples.
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