Range of plasma ions in cold cluster gases near the critical point
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Abstract

We measure the range of plasma ions in cold cluster gases by using the Petawatt
laser at the University of Texas-Austin. The produced plasma propagated in all
directions some hitting the cold cluster gas not illuminated by the laser. From the
ratio of the measured ion distributions at different angles we can estimate the range
of the ions in the cold cluster gas. It is much smaller than estimated using popular
models, which take only into account the slowing down of charged particles in
uniform matter. We discuss the ion range in systems prepared near a liquid-gas phase
transition.

PACS: 52.50.Jm, 25.45._z, 36.40.Wa

Nuclear fusion from explosions of laser-heated clusters has been an active research
topic for over a decade [1-14]. The explosions of cryogenically cooled deuterium
(D2) cluster targets or near-room-temperature deuterium-methane (CD,4) cluster
targets drive fusion reactions. A high intensity femtosecond laser pulse irradiated the
cluster gas. This produces energetic explosions of the clusters and tens of keV ion
plasma temperature results. DD fusion occurring within this high temperature plasma
combined with beam-target fusion, between the ejected ions of the cluster and
surrounding cold cluster gas, leads to a burst of fusion neutrons and protons.
Following these experiments, we have modified some aspects in order to be able to
measure the range of energetic ions in the cold cluster gases. Recall that the range of
ions is crucial to estimate the fusion rates in the plasma. We have opportunely focused
the laser in such a way that the high-energy pulse drills a “hole” in the target. We
found that less than 10% of the laser energy went through the cluster gas for each
shot.

A schematic view of this scenario is plotted in figure 1a, while an actual experimental
result is given in figure 1b. Two Faraday cups (FC) were opportunely located: the first
one (UTFC) as close as possible to the incoming laser direction (-67.5° minimum)
thus measuring essentially the hot plasma only; the second one (CTFC) was located at
an angle around 45° see fig.1, and compatible to the physical constraints of the
laboratory (walls). The ratio of the FC signals gives an indication of the range of the
ions in the surrounding cold cluster gas. Our experimental results show that the range
of the ions in the cluster gas is almost independent of their energies and it is much
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shorter than the range calculated using the popular SRIM code for instance [15]. The
physics included in SRIM or similar models, is the slowing down of keV ions due to
the interaction with electrons in the uniform gas. In our case, the gas has not an
uniform density distribution but it is made of drops of different sizes, well explained
by a log-normal distribution [16,17], formed during the free expansion into vacuum
after the opening of the pulsed valve. Drops can be present already inside the valve
before the expansion, if the gas is prepared for instance near the critical point of the
liquid-gas (LG) phase transition. It is of great interest to study what happens in those
cases after the gas expands. Near the second order LG phase transition, the mass
distribution of the clusters follows the Fisher’s law and in particular it is a power law
at the critical point [18]. The free expansion might change such distribution.
Theoretical calculations of a classical interacting gas, which freely expands after has
been prepared near the critical point [19], do not display much variation from the
predicted Fisher’s cluster distribution. Thus, the cluster size distribution obtained
from the expansion from the critical point might be very different respect to the log-
normal distribution [16,17].

Figure 1. a)
CTFC Schematic view of
{ the experimental
setup  with  the
location of the two
Faraday cups respect
to the impinging
laser beam; b) image
obtained in one shot
(#9700) using a D,
gas. A is the laser
focalization and R
the nozzle opening.
The nozzle is visible
on the left hand side
of fig.1b.

UTFC

The laser ionizes the clusters and the ions expand quickly because of the Coulomb
repulsion. Those energetic ions might move in all directions including the cold region
as schematically shown in figure 1a, and can be absorbed by a cluster on its path of
size R; with a probability essentially given by the geometrical cross section. Notice
that if no cold region is present, which can be obtained by opportunely defocusing the
laser beam or decreasing (increasing) the nozzle pressure (temperature), the final ion
angular distribution becomes isotropic. If the plasma ion is very energetic it can break
clusters of relatively small sizes thus producing low energy ions. This ‘multiplication’



effect has been discussed already in the literature as a ‘blast wave’ [1-14]. Depending
on the cluster size distribution we can have different ion ranges somehow dependent
on the initial pressure and temperature of the gas inside the valve [20]. In this scenario
we can study the influence of the initial conditions on the ion range and in particular
see the effect of the system prepared in a particular state, near the LG phase transition
as we will discuss below. There is no need to stress the importance of exactly
measuring the range of keV ions in particular states of matter to understand the
influence of the phase transition on nuclear fusion reactions. We also measured the
fusion yields in the very same conditions and its analysis is in progress.

In our experiment, the Texas Petawatt laser (TPW) delivered 50-100 J per pulse with
duration 150fs-2ps [21] to irradiate the clusters. It utilized an /40 focusing mirror (10
m focal length) to create a large interaction volume with laser intensities sufficient to
drive fusion reactions. This laser power and focusing geometry increased the neutron
yield many times that of previous cluster fusion experiments [10]. Recent
improvements in the laser architecture resulted in pre-pulses in the TPW system with
intensities lower than 10° times the main pulse intensity, and did not play an
important role in this experiment. The experimental setup is very similar to the one
discussed in refs.[10,12] with the addition of a second FC, which was located at a
distance of the order of 3m for many shots. For a minor number of shots, the two FC
were interchanged and located at different angles and distances in order to test any
differences, due to the geometry, electronics etc. We stress that it is important to have
the FCs located as far away as possible from the target to separate the very early
EMP/x-ray signal from the energetic ions (around and above 100 keV). This was not
always possible because of shielding walls surrounding the scattering chamber and
the minimum distance of the FC was sometimes 0.80 cm.
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Figure 2. Top) lon energy distributions as function of the kinetic energy per nucleon
(A is the ion mass number) measured by two Faraday cups located at the angles,
distances and for different gases as indicated in the figures (top panels). Bottom). Ion



range (A) in the cold cluster gas obtained from equation 1. The full and dashed lines
are obtained from SRIM calculations for the different densities given in the figure [1-
10]. The triangles and circles represent the experimental data from D, (left bottom
panel) CD, (center bottom panel) and N, (right bottom panel) gases.

In figure 2, we plot the ion distributions for different shots using D,, CD4 and N
gases, respectively. We have tested that the two FC measure the same ion current
when A in figure 1 is of the order of the nozzle diameter (5mm). When the plasma
ions travel through cold regions of size d;, d in figure la, they might be scattered,
absorbed or slowed down. The ion distribution measured by the FC (UTFC), which
sees the hot plasma, is degraded and measured by the second FC (CTFC):

5

d*N d*N 2

(1 [J [ [J W is the ion range in the cold cluster gas, 6=d;-d,. We notice that for most
of our shots d, is equal to zero.

The ion distributions and the range obtained from equation 1 are plotted in figure 2 as
function of the energy per particle. The SRIM results for a homogeneous gas at
different densities are given in the bottom panels with full and dashed lines. This
work (see below) and previous experimental results give densities of the order of 10*®
atoms/cm® [1-10]. Also, SRIM range results for C ions propagating in the cold gas are
given for the CD4 case, center bottom panel of figure 2. Notice that when plotting the
SRIM results as a function of the energy per nucleon (2,12 and 14 for d, **C and *N
respectively), completely different stripped ions (i.e. C and D) scale quite well at the
given density, (figure 2 bottom-center panel). This implies that the slowing down of
ions in homogeneous matter is essentially dependent on its velocity and not on the
energy. Another feature to notice is that the SRIM results depend linearly with the
density, figure 2, thus the quantity Ap is expected to be independent of density, see
below [15]. The SRIM calculations are in complete disagreement with our results
since the experimental in-homogenous cluster gas distribution is in contrast with the
theoretical uniform distribution. The EMP affects the high-energy tail of the ion
distribution. Since the FCs are located at different distances the EMP dominates
earlier the signal of the FC located closer. This is especially visible in the center and
right panels of figure 2 since the CTFC was located at 3m while the UTFC was at
1.1m from the target. The change of slope in the UTFC ion distribution below
100keV/nucleon reflects a sudden increase in the range. We can assume that the range
is fairly constant at least in the region 1-80 keV and maybe even for higher energies.
Depending on the gas density, the experimental range differs from the SRIM
calculations by orders of magnitude. Notice that different clusters, either D, a mixture
of C and D or pure N gases give similar ranges and any deviations are due to the
initial pressure and temperature at the nozzle. This is consistent with the Coulomb
explosion model since all ions have the same charge over mass ratio, thus we expect
that a mixture of ions (for instance in CD,) have the same energy per nucleon
distribution and similar range.

We can estimate the range of plasma ions in a cluster gas at average particle density
p. The gas is composed of different clusters of size R.. The mean free path of an ion
in the cluster gas can be estimated classically as:

1
A= OcPc (2),

where pc=p/N; is the average density of clusters in the system, N is the number of
ions in a cluster (on average). The cross section gives the probability for an ion to
collide with a cluster and it is given by:




o, = mR? (3).
In the last equation we have neglected the ion dimension, which is of the order of
Fermis as compared to the cluster dimension of the order of Angstroms. This has the
important consequence that the probability of collision does not depend on the ions,
for instance D, C or N, but on the cluster size. Of course heavier ions might be more
effective in breaking small clusters depending on the velocity. The radius and the
number of ions in the cluster are related by:

R, =1r,N? = 1.7N}340 (4),

the inner-cluster distance among ions r=1.7A° gives the density inside the cluster

Pic = J—rsg =4.910%2cm™3, i.e. of the order of solid density. This density is 3-4

orders of magnitude higher than the gas densities in figure 2. This implies that in
SRIM calculations an ion travelling inside a cluster has a range 3-4 orders of
magnitude shorter than the results given by the full lines in figure 2. Our experimental
results are in between those two limits since the probability for an ion to collide with

a cluster must be taken into account. Rearranging the equations above, we get:
1/3

N,
Ap =5 ®).

Ty

We have factorized out the density and obtained the probability of ion-cluster
collisions dependent on the average number of ions in the cluster. As we discussed
above the average number of ions in a cluster and the cluster distribution depend on
the initial conditions of the gas in the nozzle, i.e. its temperature, volume and pressure
[20]. We stress that our derivation is valid in the classical limit and if the gas is
strongly non-uniform i.e. Nc>>1. This mechanism is completely different from the
slowing down of ions in a uniform gas utilized in SRIM calculations where, at low
kinetic energies, the range is due to ion-electron Coulomb interactions. In SRIM
calculations, the quantity Ap as function of the energy per particle of the ion is a
universal function independent on the density of the gas.

Before we proceed further, we need to obtain the gas density from the experimental
data for each shot. The plasma volume is approximately given by the ‘cylindroid’ of
base A in figure 1, i.e. the laser focalization. The number of plasma ions is obtained
integrating over energy the UTFC ion distribution (the ‘hot’ region) as plotted in
figure 2 and we have estimated the EMP noise following the method discussed in
[14]. For each shot we changed the pressure and temperature of the nozzle. In the top
panel of figure 3, we plot the experimental density (number of ions divided by the
volume of the hot plasma) as function of the reduced pressure P,.=P/P. (left panel) or
reduced temperature T,=T/T, (right panel). P, and T. are the critical pressure and
temperature of the liquid-gas phase transition for D, (1665kPa, 38.34K), CD,
(4660kPa, 189.2K) and N, (3390kPa, 126.2K). Notice and keep in mind that the
critical pressure for CD4 and N is higher that of D,. The D, gas was cooled down
with liquid nitrogen thus was impossible in this experiment to get closer to the critical
temperature. For CD4 and N, we used a mixed cooling system of liquid nitrogen and
dry ice if needed and obtained values close to the critical point. The cluster density we
measured refers to a laser-gas interaction region 4mm below the nozzle and it is
consistent with previous measurements using different techniques [1-10].

For the same values of P, and T, we plot in figure 3 the range A averaged over the 8-
20 keV/nucleon energy region, see figure 2, for the different gases, statistical errors
only are plotted as well. The calculated range is at most of the order of 1mm (smaller
than the opening nozzle radius) and has large fluctuations near the LG phase
transition, a feature that could be connected to the divergence of the correlation length



at the critical point [22]. However, we did not succeed in this experiment to prepare
the system exactly at the critical point and more systematic studies are needed in
order to fully understand the influence of the LG phase transition in the expanding gas
[17].
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Figure 3. From top to bottom: density, range, density times range and average number
of cluster obtained from eq.(5) vs reduced pressure (left panels) and reduced
temperature (right panels). The full (D) and dashed lines (CD,) in the third panel are
the SRIM results (independent on density) averaged over the same energy range.

In figure 3, the quantity Ap is plotted as a function of P, and T,. As we discussed
above such quantity scales in the SRIM calculations, i.e. it does not depend on
densities no matter if it is gas, liquid or solid (full and dashed lines in the figure, third
panels from top). In contrast, the experimental data for a cluster gas depends on the
initial pressure and temperature of the nozzle. Fluctuations for the CD,4 case seem
larger than the D, case probably because the system is initially closer to the LG
critical point, see figure 3. The cluster sizes can be obtained from eq.(5) and are
plotted in the bottom panels of figure 3. Notice that for the CD4 case we obtained a
very low density for shots closest to the critical point. The corresponding value of N
is close to 1 which questions the validity of eq.(4) when the system is prepared near
the critical region. At the critical point, the density inside the valve can be obtained
from the critical compressibility Po/(pcT¢)=0.3 [19,22]. Recall that at T, the liquid and
the gas densities are the same. This relation gives critical densities a factor 2-3 smaller
than the density inside the clusters pic, prepared away from the critical region [20].
This implies that the value of the rs quoted above might actually be larger near the
critical point, thus increasing the values of N¢ in figure 3, bottom panel. A
quantitative estimate of this effect is not possible at this stage since the gas after being
prepared in the valve expands in vacuum possibly modifying our estimates.

The Coulomb explosion model reproduces many experimental features [1-10]. The
ions of an exploding cluster are subjected to an average repulsion energy given by:

£ =51-22-N,""(ev) = E, 6)

Where Z. is the average ion charge (1 for D, 2 for CD4, 7 for N...). Using the N
values given in figure 3 we get an average kinetic energy of the ions for D between
0.3 keV and 11 keV in agreement with the average kinetic energies obtained in this
experiment and previous ones [1-10,14]. For CD4 and N2 gases we get a larger
variation of the average kinetic energy with similar energy per particle, probably due
to the initial conditions.

In conclusion, in this paper we have measured ion ranges in cold gases using the
Petawatt laser at the University of Texas. We found a dependence of the ion range
from the initial temperature and pressure of the gas. It seems that the range increases
if the gas is prepared close to the critical point for liquid-gas phase transition. Our
results are in complete contrast with SRIM calculations, which refer to homogenous
gases. The method can be generalized to measure the ion range in solid or liquid
secondary targets using lasers as well.
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