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SUMXARY -- 

In the plasma droplet accelerator scheme, propo- 
sed by R. Palmer, a sequence of Liquid micro-spheres 
generated by a jet printer are ionized by an incoming 
intense laser. The hope is that the micro-spheres 
now acttng as conducting balls will allow efficient 
coupLing of the incoming laser radiation into an 
accelerating mode. Mottvated by this we have carried 
out ZD, particle simulsttons in order to answer some 
of the plasma physics questLons hitherto unaddressed. 
In particular we ftnd that at least for laser intens- 
ities exceeding v,/c=O.O3 (-1013w/cm2 for a CO2 
Laser), the incident laser light is rather efEic- 
iently absorbed in a hot electron distribution. Up 
to 708 of the incident energy can be absorbed by 
these electrons which rapidly expand and fill the 
vacuum space between the microspheres with a low 
density plasma. These results indicate that it is 
advisable to stay clear of plasma formation and thus 
put on an upper limit on the maximum surface fieLds 
that can be tolerated in the droplet-accelerator 
s theme . 

IYTKODUCTION -- 

Recently , K. Palmer and co-workers’ have been 
investigating whether a suitable accelerating mode 
can be excited for relativistic particles using a 
periodic arrangement of micro-spheres. These micro- 
spheres have a radius of -0.11 and are spaced X/2 
apart where X is the wavelength of the radiation used 
to excite such a structure. For instance when a LOum 
CO2 Laser is used to excite such a structure it is 
hoped that longitudinal fields of many CeV/m can be 
produced for the accelerating mode. 

Rf modelling using 11 cm diameter spheres and 30 
cm wavelength radiation has revealed that although a 
single row of such spheres does not support an accel- 
erat ing mode, with two parallel rows of spheres both 

‘an accelerating and a focusing mode exists’. In 
this case the spheres act as dipoles oscillating in 
the pLane of the double row, 180” out of phase, and 
therefore particles can be accelerated along the axis 
in between the two rows. To couple the radiation 
from an external source such as a laser, the double 
row structure has to be perturbed. It has been shown 
by Palmer, et aL.l, that if alternate spheres are 
slightly Lifted or depressed from the plane in which 
they initialLy lay, such perturbations can couple the 
accelerating mode to radiation propagating either up- 
ward or downward perpendicular to the plane contain- 
ing the spheres (Fig. 1). The maximum limit on the 
accelerating field in the droplet accelerator is 
given by the intensity of the laser field and the Q 
of the cavity. 

As the Laser intensity is increased, the spheres 
will at some stage ionize dad form a plasma. If 
extremely short laser pulses on the order of tens of 
laser cycLes are used then the ions will not have any 
time to move. The hope is that the plasma which is 
highly conducting will allow efficient coupling of 
the laser light to the desired mode as though the 
balls were tiny conducting solid spheres. A simple 

estimate indicates that when the quiver energy of the 
electrons l/2 mVoT (where V, - eE/mw, E is the laser 
field and w the laser frequency) exceeds the 
ionization energy, the surface atoms wiLL ionize and 
form a plasma. For a CO2 Laser this ilnplieS 1aSer 

intensities exceeding - 2 x LO” w/cm2. Once the 
electron density exceeds the critical density where 
w = up strong laser coupling to the plasma may be 
ex ected. 

Ps 
For a Co2 Laser the crittcal density iS 

10 electrons/cm3, only 10 -4 of the solid density. 

Figure 1. The laser-droplet configuration. 

Motivated by this we have carried out 2D, particle 
simulations in order to answer some of the plasma 
physics issues which may play an important role in 
this scheme. 

INTKODUCTION TO SIMULATIONS --- --- 

For the simulattons we used the two-dimensional 
particle-in-celL code WAVE’. To model the coupling 
of the incoming laser to the accelerating mode for 
the laser droplet configuration described in part I 
requires three dimensions. Therefore, we are unable 
to Investigate the coupling efficiency with our par- 
t icle code. However, we are able to study the absorp- 
tion of the laser by the droplets and the concomitant 
energetic electron production. In particular we 
irradiated columns of plasma rods (geometric analogy 
of spheres in two dimensions). Each rod consisted of 
either 10,000 or 40,000 simulation electrons and 
ions. For reasons given in part I, the rods radii 
were X,/LO and the rods centers were separated by 
ho/2 where X, is the laser’s vacuum wavelength. Roth 

one and two columns of rods were irradiated. The 
later case is depicted in Figure 2a where a particle 
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plot at t=O from one simulation is shown. The simu- 
lation box was typically 128 cells x 128 cells which 
corresponds to X0 x ho in physical units. Each rod 
has a constant density which rises from 0 to LOnc in 
one cell. The critical density, nc, is defined as the 
density where the li ht frequency w. is equal to the 
plasma frequency &‘GTz In this way, since light 
does not penetrate past the critical surface, the 
rods act like solid pellets. The laser’s V,/c was 
either .l or .035 which can be converted to Lnt?nsity 
by the convenient formula I = 1.3 x l0lR (V,/c) /X,2 
where I is in units of Watts/cm * and X,, is in units 
of microns. The Laser has a rise time of NW,-’ and 
the simulations generally last 150 w~-~. For CO2 
Parameters 150 WoM1 corresponds to .8ps. The plasma 
rods were typically initiated with a temperature of 
1 KeV for both the electrons and ions. 

Before proceeding to the results we mention some 
linitations of the simulations. As previously noted, 
the two dimensionality of the simulations prevents a 
study of the coupling between the incoming laser to 
the accelerating mode. In addition, the rods are al- 
ready fully ionized. Therefore, all self-consistent 
effects associated with the ionization processes have 
been ignored. Also, since rods are fully ionized, 
electrons can fLow through them unimpeded. This may 
be realistic since the energetic electrons observed 
in the simulations wiL1 have mean free paths greater 
than the droplet’s diameter. Another limitation is 
that because the simulation box is periodic in y and 
its y dimension is typically on the order of X0 any 
diffraction and reflection at oblique angles will be 
altered since these modes have kl’s that will not ELt 
exactly into the box. We carried out two sets of 
stmuLattons wfth this last Limttation in mind. In 
one, the box was X0 x ho; while in the other, the box 
box was X0 x 4 ho. In terms of absorption and re- 
flectLon there was little variation between the two 
sets. Thus, we acknowledge the limitation but we are 
not concerned by it. 

RESULTS ---- 

It is well known in plasma physics that radia- 
tion impinging obliquely on a plasma with a density 
gradient may be substantiaLly absorbed at the point 
where wo = ~5 by a linear yiegconversion Process 
called resonant absorption s , . The resulting 
electric field pattern can preferentially accelerate 
electrons down the density gradient. This process 
has been studied in great detail because of its 
importance to ionospheric physics and hot electron 
generation in laser fusion. 

There are several scale Lengths important to the 
resonant absorption problem#. Those reLevant to our 
simuLations are: 1) the scale length at the droplet 
peak density, L, 2) the Lasers wavelength Xo=2n/ko. 
and 3) a typical electron excursion Length, which 
could either be the debye length at peak density hd z 
vth/w or the excursion in the local electric field, 
VE/Wo. For the steep gradient condition presented 
here, k,L-. 05<<1, previous fluid theory and particle 
computer simulations 4~5tb~7 have still shown substan- 
tial absorption from resonance absorption. Further- 
more, In this Limit, higher absorption levels are 
pos:;ible through a highly non-linear form of reson- 
ance absorption involving waves’ and through a pro- 
cess called the anomalous skin effect . 8 When the 
excursion distance is on the order of L, the reson- 
ance is broadened by dispersion and the ambipolar 
potential becomes important, 

In our opinion the major threat that absorption 
poses to the droplet scheme is that the heated 
electrons flow into the vacuum region between the 
plasma rods. The plasma density surrounding the 
droplets falls from liquid density to 0. Therefore 
if only a small percentage of this plasma ftlls the 
vacuum region the plasma density (predominantly 
electrons since the ions do not mvove as fast) in the 
acceLerating structure can still be appreciable. The 
ensuing coupling between the incoming radiation and 
the accelerating mode could be profoundly affected if 
this happens. All this Is demonstrated in figures 2 
and 3. In figure 7-b a particle plot of the electrons 
from a simulation where the rods consist of an 
electron proton plasma at t = 150 wow1 is presented. 
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Figure 2. An electron particle plot at a) 
and b) t=150w,-‘. 
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Figure 3. Energetic electron distribution function. 

When compared to Eigure 2a which is the same type of 
plot at t = 0 it is clear that a significant number 
of electrons are entering the space between the rods. 
The temperature of those electrons in the vacuum 
regions (Th) is monitored by measuring the energy 
spectrum of the electrons, striking the right and 

left hand boundaries. This distribution function is 



plotted in figure 3 where parts a and b were taken 
from a simulation In which Vo/c = .l and .(I35 
respectively. Th is estimated as 18 KeV in fig. 2a 
and 8 KeV in fig. 2b. 

We also did some fixed ion simulations to 
clearly identify the role that ions pLay. The para- 
meters were otherwise identical to the V,/c=l simula- 
tions. The measured Th was the same, although there 
were fewer energetic electrons. Ln anticipation that 
In the pLasma droplet scheme the initial temperature, 
Tc, may be lower than I keV, we carried out one low 
intensity, v,/c=.O35 and low temperature, Tc=250 ev, 
simulation. We found that, surprisingly, the event- 
ual Th was the same. However, the important point is 
that even at these lower temperatures, a significant 
number oE electrons entered the vacuum region. 

Interestingly, the above temperature scale as 
(Vo/c)~'3, which is the scalpg found in earlier 
resonance absorption studies * . Although at present 
we beLleve this agreement is coincfdential. In our 
simulations, evidence of resonance absorption was the 
observation of radiation leaving the simulation box 
at the second and third harmonic of the incoming 
laser. This has previously been determined to be a 
reliable diagnostic resonance absorption in steep 
gradients from experiment, computer simulation', and 
theory'". 

Up till now we have concentrated on the hot 
eLectron generation rather than absorption. Absorp- 
tion can be important if a substantial amount of 
laser energy is absorbed before it can couple into 
the accelerating mode. To measure the absorption we 
monitor the Poynting flux in the x direction. This 
plot is shown in figure 4 for two cases. 
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The poynting flux as a function of X. 

In Fig. 4a the x component of the Poynting vector is 
shown at t= 150 WC -1 from a simulatLon in which a 
single column of two rods was illuminated by a laser 
with v,/c=O.I. As seen, approximately 70% of the 
incoming radiation is absorbed. This is consistent 
with the two columns simulations with two columns of 
rods where 70% absorption occurs across the first 
column and 90% across both columns. Ln Fig. 4b the 
same pLot is shown from a fixed ion simulation. 
Whereas the hot electron temperature, Th, did not 
differ between the fixed ion and the mobile ion case, 
the absorption is profoundly different. The absorp- 
tion with Eixed ions is constant in time near 15%. 
This compares favorably to the early times in the 
mobile ion case. At late times, however, the absorp- 
tion approaches 70%. This difference is consistent 
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with the earlier observation that aLthough the Th's 
are comparable more electrons are heated in the 
mobile ion case. -F,videntLy, only a slight expansion 
of the ions is necessary to alter the absorption. 

The absorption increased slightly to 80% when 
the laser's intensity was decreased to Vo/c=.O35. 
Furthermore, absorption Levels approaching 60% were 
obtained at Late times, t-190 wo-', in the Tc=250 ev 
simulation. Although, at earlier times, t=lOO we-l 
the absorption Levels resembled those from the fixed 
ion case. The implication is that the absorption is 
relatively unaffected as either Tc or V,/c are low- 
ered. This differs from the Th scaling given above. 

We determined that the absorbed energy manifests 
itself predominantly in energetic electrons by monit- 
oring the change in time of both the field energy and 
kinetic energy. This does not mean, however, that 
energy is not present in surface waves. We note with- 
out presenting our supporting evidence that surface 
waves with a transverse mode number determined by the 
spacing of the rods is present in all of our 
simulations. 

CONCLUSION 

In conclusion, we have shown that when a plasma 
forms on the edge of the droplets absorption Levels 
of the incoming radiation above 30% may occur in a 
time as short as 150 wo-'. Furthermore, concomitant 
with the absorption is the productLon of energetic 
electrons which fill the vacuum region between the 
droplets even before appreciable absorption. On the 
basis of these simulations, therefore, it would 
appear that the maximum tolerable surface fields 
(Laser and/or cavity modes) in the droplet accelera- 
tor scheme will be below the plasma formation thres- 
hold even. 
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