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can provide temperature information on a shot-to-shot basis, even while other

experiments (e.g. angular distribution measurements) are being conducted.
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Sfuture are outlined.

9.1 Conclusions 167

9.2  Future Experiments 172

93 Close 175



I Spencer 2001 Chapter 9 Conclusions and Future Experiments

9.1 Conclusions

It has been shown the VULCAN ultra-intense laser can be used to perform nuclear
physics. This is possible because electron and proton beams of energies up to ~40 MeV
are generated when this laser is focused on to a solid target. The purpose of this section
is to put the results found into context. In order to do this, it is first necessary to

summarise the results obtained.

Using the VULCAN laser, the first ever laser-induced fission reaction has been
performed and detected, and isotopes used in Positron Emission Tomography have been
produced. In addition, nuclear techniques have been used to measure a fundamental
parameter in laser-matter interactions, namely the temperature of the fast electrons
produced in the interaction. The angular distribution of the electrons has been measured
using nuclear techniques. Nuclear effects were also used to measure the abundance and

energies of protons produced in the interaction.

So there is a new way of performing nuclear physics — a light source. This is an
extraordinary light source however, and there are not many like it in the world. That is,
you cannot use any laser to perform nuclear physics. So what makes these findings so
interesting? With the way laser technology is advancing, many more systems around
the world may soon be capable of this. Also, the acceleration mechanisms are like no
other found on Earth. The particles used to induce nuclear effects were accelerated to
MeV energies on a micron scale, not metres like that of conventional particle
accelerators. Laser-plasma acceleration is more akin to the acceleration of cosmic rays,
as described in Chapter 1. It is the author’s view that the results described herein mark

only the beginning of a new field of science - laser induced nuclear physics.

What do the findings of this study mean, and what place do they have in the grand
scheme of things?

Laser induced nuclear physics has enabled the use of nuclear diagnostics in laser-plasma
interactions. These can be applied to any laser-plasma interaction where the particle

energies produced are sufficient to induce nuclear effects. These diagnostics are in use
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in many systems around the world now, and will only become more relevant as more
and more systems around the world become capable of generating particles in the
nuclear regime. As the leading systems become more and more powerful as predicted,
these nuclear diagnostics will be developed further and may become the most important

type of laser-plasma diagnostic.

Laser induced nuclear fission has been demonstrated. At the present time, this has only
been achieved on VULCAN and the Petawatt at LLNL (Cowan et al. 2000a) — large
scale research facilities. As stated previously, this is of course extremely interesting
from a proof-of-principle point of view, since this idea was first postulated thirteen
years ago (Boyer, Luk, & Rhodes 1988). What does inducing fission using a laser have
over established techniques such as neutron sources? There has been an undercurrent
throughout this thesis that laser technology is moving at a staggering rate; lasers are
getting more powerful and achieving these increased powers while at the same time
taking up less room. What would it take to induce photo-fission like that described in
Chapter 5 using a table-top laser? First of all, the system would have to justify itself to
be table-top. It would then have to be capable of producing electrons in excess of 8
MeV. Theoretically, the temperature of fast electrons and hence their energy
distribution scales as IA>. It is then feasible that a table-top laser operating at an
irradiance 10" Wem™?pum? could induce fission, as this was seen on VULCAN. Note
however that most high-power small scale systems are generally based on Ti: sapphire
technology and operate at wavelengths of ~800 nm. This would mean that the focused
intensity would have to be ~1.6 x 10" Wem™ to make up for the loss due to the A?

dependence.

How many fission events would be produced? It is extremely difficult to predict this,
since the process is complicated — electron generation, bremsstrahlung conversion,
photo-fission. It was shown tentatively in Chapter 7 that there is a dependence on
proton conversion efficiency to pulse energy. This may also be true of electron
conversion efficiency. As stated previously, more experiments are required to confirm
this effect. However, the author predicts that less photo-fission events would occur for
a table-top laser operating at 10'° Wem?pum?®. As a rough estimate, since 10° fissions

were generated from a single VULCAN pulse, it may be reasonable to assume that
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around 10 fissions are produced per pulse on a table-top system. The deficit again
being balanced by the Hz — kHz repetition rates of table-top lasers. Of course, only

experimental evidence can establish this.

It is of course possible in the present study that neutrons emitted in fission events led to
subsequent fissions. The object of the experiment though was to prove that a laser
could be used to induce fission, and so this possibility was deemed not as relevant as the
fact that fission occurred. However, this fact could prove extremely important for table-
top lasers. If less photo-fission events are produced, then thoughtful target design could
enable efficient production of neutrons which could then induce further fission events.
As with commercial nuclear reactors, it does not take many fissions to start a chain
reaction, since it is sustained by the arrangement of the fuel, moderator and control rods.
In other words, lasers could be used as a fission ignition device. Again, the feasibility
and usefulness of laser-induced nuclear fission and its possible table-top extension will

only be verified via further investigation.

Laser production of positron emitting isotopes has been demonstrated. Again this is
interesting from a proof-of-principle point of view. In addition, photo-nuclear
reactions enabled quantitative measurement of the fast electron temperature, and proton
induced nuclear reactions in copper and measurement of the induced positron activity
enabled measurements of the abundance and energies of the proton beams to be made.
One major possible application though is the use of proton induced nuclear reactions for

the production of PET isotopes as described in Chapter 6.

PET isotopes are usually generated using proton beams generated using cyclotrons.
What advantages does generating the same isotopes using a laser have? It is possible
that since the accelerator is a light beam, less nuclear radiation shielding will be
required. In addition, it is hoped that a laser accelerator would require less
maintenance, and be less expensive, which ties in with the shielding aspect. A compact
laser source would occupy less room than a cyclotron. One possible goal of this study
would be to make laser systems compact, affordable, safe and reliable enough for use
on-site in hospitals. As stated previously, many hospitals with PET scanners do not
have the isotope production facilities on-site, rather they are produced somewhere else

and transported, which limits the use of very short-lived isotopes. Possibilities of future
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commercial applications and outlines of what is required in the future have already been

discussed in Chapters 6 and 7.

I was fortunate enough to be invited to the PET facility at the University of Aberdeen,
for this I must thank Dr. A. Mannivanan. The purpose of this visit was to show the staff
there recent results and the potential of using lasers to produce PET isotopes. This is
another offshoot of this study, that researchers involved in many diverse fields are
coming together in collaboration. At the time of writing, collaboration between laser,
plasma, nuclear and medical physicists is developing; I only use the above visit as an

example as it highlights the need for such collaboration.

Following a conversation with Dr. Maurice Dodd, an expert in PET isotope production,
the requirements of PET facilities was made clearer. In order to produce usable
quantities of ®F via the reaction '®0(p,n)'®F, the cyclotron at Aberdeen generates 10"
protons per second of energy 5 MeV. This is because the '*F production cross section
peaks at 5 MeV (see Chapter 6, pp 124, Figure 6.2). This is one of the main differences
between the cyclotron and the laser-plasma accelerator used in this study; cyclotrons
generate beams of monoenergetic protons in a DC beam (protons/second) whereas the
laser accelerator produces a spectrum of proton energies in picosecond-femtosecond

bursts, but the total flux is defined by the laser repetition rate.

In light of this, let us dilute the requirement to 10" protons in the energy range 3-15
MeV, the range across which the "*O(p,n)'®F cross section extends. Above this, higher
order reactions come into play, generating unwanted isotopes. These isotopes can be
separated via fast chemistry, but their original production is inefficient. Can lasers fulfil
this requirement? It is the author’s opinion that in the future, yes they will. From the
results shown in Chapter 6 (pp 124, Figure 6.3) it can be seen that 3 x 10" protons are
produced in the straight through direction per pulse, and 1.5 x 10" in the blow-off per
pulse, in the range 5-15 MeV. The fact that there are two proton beams present which
can induce nuclear reactions may be advantageous in itself, since two different samples
could be produced from one run. Yamigiwa and Koga (Yamigiwa & Koga 1999) have
shown theoretically that at laser irradiances of 10*! Wem?um?, the *F yield is two

orders of magnitude greater than that of a standard cyclotron.
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In the near future, these irradiances will only be achieved using large-scale laser
systems like VULCAN, which is currently being upgraded to achieve this. But what
about using table-top lasers for PET isotope production? From the tentative plot shown
in Chapter 7, pp 148 Figure 7.8, the proton flux is greatly reduced with the lower ~few
100 mJ pulse energies typical of table-top systems. The advantage of course is that
table-top lasers have high repetition rates and can hence integrate over many shots. The
results from VULCAN have been tentatively scaled to table-top systems in Chapter 6,
Section 6.4. At the time of writing, there is insufficient data to show whether a table-
top laser can achieve PET requirements, without even answering the question of pulse
energy to proton conversion efficiency. Again, only further experiments will provide
answers, and of course this should be fully explored. The word “preliminary” as

applied to Chapter 7 can not be stressed enough.

Another interesting concept brought up in Chapter 6 was the use of lasers for proton
oncology. This requires protons of energy typically 150 MeV. What came out of my
visit to Aberdeen and other meetings with medical physicists (organised by my
supervisor Prof. K.W.D. Ledingham) was that 150 MeV cyclotrons are extremely
expensive and bulky, and hence there is only one in existence in the UK, at the
Clatterbridge Oncology Centre. VULCAN, when upgraded to 10* Wem?pum?® is
predicted to be able to produce protons of this energy, but again along with a range of
other energies. However, there may not be as much of a requirement to reduce the size
and cost of proton oncology lasers since oncology cyclotrons are also bulky and

expensive. This application appears extremely promising.

In summary, the concept of laser induced nuclear physics is one that fires the
imagination, and it is a field in its infancy. As with many areas of study, as the
technology develops, the new results found may be totally unexpected and
unpredictable. The author, for one, will be keeping a close eye on what happens in the

future.
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9.2 Future Experiments

Whereas the previous section discussed the results obtained and what they might imply,
this section outlines some possible future experiments that could follow this study with

current technology and that which will be available in the next year.
9.2.1 Proton Production on ASTRA

At the time of writing, ASTRA is now operating at 300 mJ, 70 fs at 800 nm. When
focused to a spot size of 5 pm, intensities of ~2 x 10" Wem? and an irradiance in
excess of 10" Wem?um? is available. A full systematic study of proton production on
this system will be conducted, addressing the issues of target type and thickness, and
how the reduced pulse energy and pulse length affects the proton production rate. The
system also has improved beam diagnostics, so it will be easier to estimate and
maximise the intensity on target. A third-order autocorrelator will be employed to
measure the ASE level, and the effect this has on the experiment will be investigated.
More precise proton diagnostics will be incorporated, such as a Thomson Parabola
spectrometer (Clark et al. 2000;Wehr, Richards Jr, & Adair IIT 1983) to measure the
proton flux and energies. With luck, nuclear diagnostics will be employed if the proton
flux and energies enable this. The main goal of this experiment is to obtain some

quantitative results based on the ideas introduced in Chapter 7.

9.2.2 Laser Production of Positron Beams

In recent years positron beam physics has become an active and diverse field with a
number of applications, e.g. surface studies, positronium spectroscopy and positron
interactions with ions and Rydberg atoms.

Of course, positron emitting isotopes were produced in this study, but their lifetimes are

such that they could not be used for the above studies. More useful would be to

produce positron beams directly in the laser-solid interaction.
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When high energy photons > 1.022 MeV pass through solids, considerable energy is
lost through pair creation with a cross section which increases with Z? (atomic number
of target) and with log E, (photon energy). Results from the Petawatt at LLNL (Cowan
et al. 2000b) have shown that ~10® positrons with maximum energy ~10 MeV are
produced when a laser of 6 x 10?° Wemum? is incident on a gold target. Gahn et al.
(Gahn et al. 2000) have demonstrated positron production using a terawatt, 10 Hz

system and measured ~10° positrons with maximum energy ~5 MeV.

Positron production experiments have been planned on VULCAN, and will be carried
out in the very near future. An electron-positron spectrometer has been designed and
built for this purpose, incorporating strong magnetic fields and plastic scintillator
detectors. It is hoped that this design will yield precise quantitative results. Detecting
positrons in the interaction will prove difficult, considering that electrons, ions and y-

rays are also produced in the interaction.

Another interesting experiment which will be conducted on VULCAN is to split the
high-intensity beam in two, and to focus these two beams on either side of a high Z
target. It is hoped that in doing this, the fast electrons generated will be confined by
their self-generated magnetic fields, increasing the probability of positron production by
electron-ion collisions, and not by bremsstrahlung pair production. This electron-
positron plasma could yield some very interesting results, and may attract interest from

the astrophysics community.

When the VULCAN laser is upgraded to 10*! Wem?pum? in 2002, these experiments
will be repeated at this intensity to investigate how the positron production rate and
their energies scale with intensity.

9.2.3 Laser Production of Elementary Particles

Pions are the lightest of the elementary particles and can be produced when y-rays >140
MeV interact with solid targets. Karsch et al. (Karsch et al. 1999) have shown

theoretically that a laser of irradiance 10*' Wem™ pum? incident on a tungsten target of 8
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mm thickness will produce photons well in excess of this (up to 500 MeV). In addition,
they also calculated the yields of pions at this irradiance and predicted that several
thousand pions could be produced with a single laser pulse, as well as the expected

electrons, ions, y-rays and electron-positron pairs.

As with positron detection, pion detection will prove a difficult task. The n° has a
lifetime of about 8 x 1077 s and so cannot be detected within the time of the laser pulse
laser pulse (107'% s) and most 7" are absorbed in the target. The positive pions decay to
muons in about 2 x 107® s, and this also cannot be observed within the huge y-ray flash
produced via bremsstrahlung. However the above authors (Karsch et al. 1999) suggest
that a muon decays rather slowly (2 x 10® s) to a positron and subsequently to two 511
keV y-rays which can be detected by a delayed coincidence in suitable detectors
arranged round the target. However, it may prove difficult to distinguish these positron
annihilation photons from bremsstrahlung photons, and from 511 keV photons produced
via annihilation of positrons generated by other mechanisms such as pair production and

electron-ion collisions as described above.

It is possible to detect the production of pions and hence the number of y-rays >140
MeV by activation techniques, analagous to those employed in Chapters 5, 6 and 8. By
placing an aluminium sample after the high Z target, the following reaction takes place

for y-rays in excess of 140 MeV:
AL+ (140 MeV) > Mg + "

The 2’"Mg can be detected unambiguously by its two characteristic y-rays (844 and 1014
keV) and its 9.5 min half-life, using germanium spectroscopy as demonstrated
throughout this study. Care would have to be taken to eliminate the possibility of
competing reactions, such as *’Al(n,p)*’Mg, since neutrons can be generated via
neutron-producing nuclear reactions. Perhaps a neutron absorber between the target and
the aluminium which would hopefully not attenuate the y-rays by a significant amount

could achieve this.
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9.2.4 Heavy Ion Production and Heavy Ion Nuclear Physics

Measurements of heavy ion production, specifically carbon and lead ions have been
made on VULCAN (Clark et al. 2000). Generation of nuclear events with these ions
has also been studied on VULCAN at a preliminary stage (Santala et al. 2000).

Heavy ion physics is interesting from a number of points of view. Oncologists are
interested in using heavy ions to treat tumours, especially carbon ions since their Bragg
peaks are even more attractive than that of protons. Heavy ion accelerators are even
more rare than 150 MeV proton cyclotrons. In addition, heavy ion interaction physics is
very much in vogue at the moment in the nuclear community. Lasers could prove an
attractive method of heavy ion production as an injector for a heavy ion accelerator, and
for this reason many more experiments are planned on VULCAN to investigate this.

Again, this will attract input from oncologists and nuclear physicists.

9.3 Close

This outlines only a fraction of the plans for the immediate future, since interest in this
field in growing at an incredible rate. New and exciting experiments are envisaged,
such as the idea that at 10°® Wem?pm?, electron-positron pairs can be produced from
the vacuum — akin to the birth of the Universe. Whether the future of the findings of
this study lie in large scale systems such as VULCAN, or table-top systems, or
hopefully both, only time will tell. Researchers from diverse fields of science are
coming together to take the idea of laser induced nuclear physics further into the new
millennium. In undertaking this study, I felt a sense of being in the right place at the
right time, and that this was only the beginning. As to what the future holds, it remains
to be seen, but I wait with baited breath. After all, when you’re dealing with the
brightest light sources on Earth, how can there be a dull moment?
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