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Ultrahigh-Intensity Laser-Produced Plasmas as a
Compact Heavy Ion Injection Source
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Abstract—The possibility of using high-intensity laser-produced
plasmas as a source of energetic ions for heavy ion accelerators is
addressed. Experiments have shown that neon ions greater than
6 MeV can be produced from gas jet plasmas, and well-collimated
proton beams greater than 20 MeV have been produced from high-
intensity laser solid interactions. The proton beams from the back
of thin targets appear to be more collimated and reproducible than
are high-energy ions generated in the ablated plasma at the front of
the target and may be more suitable for ion injection applications.
Lead ions have been produced at energies up to 430 MeV.

Index Terms—Heavy ion accelerators, ion accelerators, ion
source, laser-plasma interactions.

I. INTRODUCTION

OVER the past several years, there have been significant
advances in the use of high-power, short pulse lasers [1].

In particular, the potential of such lasers for applications in par-
ticle acceleration [2], X-ray generation [3], and inertial confine-
ment fusion [4] seems promising. The complex interactions be-
tween matter and high-intensity laser light can produce elec-
trons at energies greater than 100 MeV and gamma rays up to
tens of MeV. However, it may also be possible to use such laser
systems to produce plasmas that can be used as a source of ener-
getic heavy ions for injection into ion storage rings and colliders.

In this paper, we will discuss some recent experiments that
address the feasibility and advantages of this approach for pro-
ducing a source of energetic ions. There has been considerable
previous work on the use of laser-produced plasmas as such a
source of highly ionized heavy ions [5]–[7], [18], where it was
found that laser ion sources have several advantages over other
methods, such as electron–cyclotron sources, electron beam ion
sources, and metal vapor vacuum arcs. Heavy ions (of a few
MeV) have been generated by the ablated plasma created by
low-intensity solid target interactions, after which they were ac-
celerated by an RF quadrupole to energies of a few hundred
MeV before injection into an ion storage ring. Our research in-
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dicates that through the use of “table top” chirped pulse amplifi-
cation (CPA) laser systems, it may be possible to produce heavy
highly ionized ions at energies approaching a GeV in sufficient
quantities to directly inject into ion storage rings. Such heavy
ions can be generated in a gas jet plasma (which allows high
repetition rates) or through solid target interactions (which may
provide a more collimated and energetic source of such heavy
ions). We present angular emission data and ion energy spectra
as well as a possible source geometry.

II. I NTERACTIONS WITH UNDERDENSEPLASMAS

Accelerated ions can be produced in underdense “gas jet”
interactions via the “Coulomb explosion” of a high-intensity
laser-produced plasma [8]. In this situation, ions are acceler-
ated by electrostatic forces caused by charge separation induced
by the laser ponderomotive pressure. In these experiments, we
have measured peak ion energies of 1.0 MeV for deuterium gas
interactions, 3.6 MeV for helium interactions, and greater than
6 MeV for interactions with neon.

As a high-intensity laser pulse propagates through an under-
dense plasma, the strong ponderomotive force of the laser forces
electrons from the region of highest intensity. Ions are less af-
fected by this ponderomotive force because of their larger mass;
however, during the laser pulse, these ions will be given a im-
pulse perpendicular to the axis of laser propagation that is pro-
duced by the large space-charge forces caused by charge sepa-
ration. After the pulse passes, the plasma electrons will return
to their original positions on a timescale of about , (where

is the electron plasma frequency); however,
the lateral momentum given to the ions will be retained and they
will continue moving out of the plasma, carrying low-energy
electrons with them. The energy of these ions is thus directly
related to the intensity of the focused laser pulse. The max-
imum energy that can be gained by an ion during these interac-
tions is simply given as the relativistic ponderomotive energy,

, where is the ion charge and is the
relativistic factor of the electron quiver motion in the laser field.

Our experiments were performed using the CPA arm of the
VULCAN laser system at the Rutherford Appleton Laboratory.
This system produces laser pulses having an energy of up to
50 J and a duration of 0.9–1.2 ps at a wavelength of 1.054m
(Nd : Glass). The laser pulse was focused into a gas jet target
(4-mm nozzle diameter) using an off-axis parabolic mirror.
When helium was used as the target gas, the plasma had an elec-
tron density up to about cm . Deuterium and neon
were also used as target gases.

0093–3813/00$10.00 © 2000 IEEE
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Fig. 1. Angular emission of energetic ions, where 0is along the direction of
laser propagation. Dark line: distribution of helium ions with energy greater than
400 keV; Light line: distribution of helium energy greater than 2 MeV (shown
�10. Note that lines are drawn as visual aid only.)

The angular distribution of ions emitted during such high-
intensity laser plasma interactions was recorded using CR-39
track detectors placed at various places surrounding the interac-
tion region and that are sensitive to energetic ions greater than
about 100 keV/nucleon [9]. As an energetic ion collides with the
detector, it causes structural damage in the material so that an
observable track can be recorded for each ion. In this way, the
total number of ions can be counted.

It was found in these experiments that there was no signif-
icant variation in ion emission in the azimuthal direction (i.e.,
changing the laser polarization had little effect). However, a dis-
tinct peak was observed in the emission of ions with energies
greater than 300 keV at 90to the axis of propagation. Measure-
ments of the ion emission at higher energies were also obtained
by using CR-39 track detectors covered with thin aluminum fil-
ters (2 m). Such filters block all signal from helium ions below
about 2 MeV in energy.

Averaged measurements over four shots are shown in Fig. 1.
Clearly, the majority of ion emission occurs in the 90direc-
tion, although the emission lobe also extends in the backward
direction somewhat. Emission at energies greater than 2 MeV
shows a narrower lobe in the 90direction. The spectrum of
the energetic ions was also measured using a Thomson parabola
ion spectrometer that spatially separates ion species having dif-
ferent charge to mass ratios through the use of parallel electric
and magnetic fields. CR-39 was used as the detector. Typical
experimentally measured spectra are shown in Fig. 2 for helium
interactions and Fig. 3 for neon interactions.

For the helium interactions, it was found that approximately
0.25% of the incident laser energy is transferred to ions having
greater than 300 keV of energy. It is interesting to note that in
helium plasmas, both He and He ions were observed with
very high energy. In the interaction region, helium ions are com-
pletely ionized because the intensity required to directly field
ionize He is about W/cm . This implies that the He
is generated by charge–exchange/recombination of ions as they
travel out of the gas jet to the detector. In neon interactions, the

Fig. 2. Typical ion spectrum from helium interaction (90) (Thomson
parabola data are shown inset).

Fig. 3. Typical ion spectrum from neon interaction (90).

atoms can be stripped up to the Nestage from direct field ion-
ization; however, only neon species up to Newere observed
in our experiment (see Fig. 3), also indicating significant charge
exchange/recombination.

The maximum ion energy, such that there were more than
ions/MeV/sterradian, was found to be 3.6 MeV for helium,

1.0 MeV for deuterium, and greater than 6 MeV for neon. It
should be noted that ionization-induced defocusing of the laser
pulse in the neon plasma appeared to reduce the peak energy of
neon ions obtainable from these interactions.

III. SOLID TARGET INTERACTIONS

Major advances in understanding the mechanisms of ener-
getic ion emission were made during early inertial confinement
fusion experiments using high-power COlasers [10] and
results from those experiments (at irradiances of about
Wcm m ) [11] indicated that ions with energies greater
than 2 MeV/nucleon could be produced from interactions with
solid density plasmas. The principal diagnostics employed in
those measurements were Faraday cups and charge collection
cups. Using such time of flight methods only, information
concerning the ion velocity (energy/nucleon) can be obtained.
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We have also performed experiments to examine the gener-
ation of high-energy ions from interactions with solid density
plasmas at the Rutherford Appleton Laboratory. In these exper-
iments, the VULCAN beam was focused using an off-axis
parabolic mirror onto a thin (125-m) aluminum target posi-
tioned at 45 to the axis of laser propagation. The intensity on
target was up to W/cm . Both behind the target (25-mm
distance) and at the front of the target (70 mm), we placed “sand-
wich detectors” aligned with the normal to the target. These
detectors consist of several pieces of radiochromic film (RCF)
and CR39 plastic track detectors placed back to back. The prin-
cipal ions detected were energetic protons or carbon ions that
were either from hydrocarbon contamination of the front or rear
target surfaces (which has been observed in previous experi-
ments [12]).

RCF is a transparent material (typically nylon) that is coated
with an organic dye. Upon exposure to ionizing radiation, the
film undergoes a color change. The optical density of the film
is subsequently measured at a particular wavelength and is cali-
brated against dose (Gy) using a knownCo source. The equiv-
alent dose from protons at a particular energy is calculated, and
hence, the total number of protons passing through the film at
each point can be determined.

In this experiment, the CR39 detectors only recorded signals
caused by protons because the first piece of RCF (110m thick)
in the “sandwich” will transmit protons having energies greater
than 2.8 MeV, but will stop all but the highest energy aluminum
and carbon ions. The stopping range of protons in CR39 and ra-
diochromic film is easily calculated, and consequently, this al-
lows a direct determination of the energy range for those protons
that produce a particular series of pits. CR39/RCF “sandwich”
detectors can therefore provide both spatial and spectral infor-
mation of protons emitted during the interaction.

Fig. 4(a) shows a scanned image from the front piece of RCF
in the “sandwich” detector from a typical shot at
W/cm from the rear of a target. The film contains signal only
within a well-defined radius from the central hot-spot. The angle
subtended by the perimeter of this circle covers a cone half angle
of 30 , and the mark at the center of the film indicates a region
where the film has been saturated. Fig. 4(b)–(e) shows the emis-
sion pattern observed on the CR39 from this shot for various
energy ranges of ions (i.e., different pieces in the “sandwich”).
RCF is also sensitive to both electrons and X-rays, which are
generated during the interaction [13], [19]; however, it is clear
from the images shown in Fig. 4(b)–(e) that the signal on the
RCF coincides with that on the CR39, which is sensitive only to
ions. Therefore, it is likely that the signal on the front piece of
film is predominantly caused by energetic ion emission. Using
this assumption, the total number of protons emitted with ener-
gies greater than 2 MeV can be estimated and was found to be
approximately per shot.

The ion signal on the CR39 exhibits a ring pattern with de-
creasing diameter for increasing ion energy up to a maximum
energy of 17.6 MeV. The central position of each ring is coin-
cident with the direction of the target normal. The “ion ring”
structure on the CR39 was observed consistently from shots at
an intensity of W/cm . The central hot spot on the
RCF is correlated with the position of the highest energy ions on

(a) (b) (c) (d)

Fig. 4. Ring structure observed on back RCF/CR39 “sandwich” track
detectors: (a) radiochromic film (front surface), (b) tracks on CR39 from
3-MeV, (c) 8.9-MeV, (d) 11.6-MeV, and (e) 17.6-MeV protons (track detectors
were5 cm� 5 cm� 0:75 mm thick).

the CR39, which exhibit collimated propagation, and the outer
extreme of the RCF displays an abrupt decrease in signal level,
which corresponds to a sharp low energy cutoff, below which
no protons are observed.

It is possible that this relationship between the energy of the
emitted protons and the angle at which they are emitted is caused
by large azimuthal magnetic fields within the solid target ma-
terial that develop and persist during the first few picoseconds
after the laser pulse. The protons are consequently deflected like
charged particles in a magnetic spectrometer. It is clear that such
magnetic fields must be generated by an electron current, which
would tend to focus a beam of electrons, but defocus or scatter
ions. Such large fields have been predicted [14], and have been
shown to contribute to the focusing of electrons at the rear of
such targets resulting in plasma formation [15].

Simultaneously, measurements of the gamma-ray spectrum
using a gamma-ray spectrometer (scintillators/photo-mul-
tipliers) as well as through the use of nuclear activation
techniques [20], [21], implied that the hot electron temperature
was in the range of 1 to 2 MeV. The spectrum of high-energy
electrons propagating through the 125-m targets was also
measured, and it was found to extend to energies greater than
20 MeV. It is likely that part of the return current required for
propagation of the hot electrons through the target material
is provided by protons from the front surface plasma that
are pulled along with these electrons as they propagate into
the plasma. From these measurements, we have been able
to infer the structure and magnitude of the magnetic field
generated within a solid target during an ultrahigh-intensity
laser interaction [16].

These results are in contrast to measurements of the heavy ion
and proton spectra in the forward direction (i.e., in the plume of
ablated plasma), which were similarly recorded with high spa-
tial and spectral resolution. In this direction, we have observed
the formation of a lower energy ring structure composed of pro-
tons ( MeV) and heavy ions that is probably created by mag-
netic fields that exist in the expanding plasma and a higher en-
ergy population that exhibits a less well-defined structure.

To measure both the heavy ion and proton spectra, a Thomson
parabola ion spectrometer using CR39 plastic nuclear track de-
tectors was situated at an angle of 20from the target normal.
In addition, the spectral and spatial distribution of the protons
emitted from the interaction was determined by placing a “sand-
wich” of several pieces of radiochromic film and CR39 detec-
tors in front of the target—similar to that which was used at the
back.
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The CR39/radiochromic film pack was covered with a 20-m
thick piece of aluminum and was aligned with the target at a
distance of 70 mm from the surface, the center of which coin-
cided with the target normal. The target was again a 125-m
thick piece of aluminum. Almost no heavy ions penetrate the
first layer of radiochromic film and the signal on the subse-
quent pieces of CR39 is largely from energetic protons origi-
nating from hydrocarbon contaminants on the front surface of
the target.

In this “sandwich” target, the first piece of radiochromic film
shows a ring structure that is consistent with a ring of low energy
( -MeV) protons recorded on the following piece of CR39.
The center of the ring does not coincide with the target normal,
but is shifted by about 10back toward the direction of the inci-
dent laser, and down slightly. Overall, the low-energy ion emis-
sion occurs within a 20cone (the plasma plume) and is charac-
terized by a fine-scale filamentary structure. The surface of the
CR39 records some of the proton signal from the ring, but little
additional signal is seen.

Higher energy protons were measured by the subsequent
pieces of CR39 in the “sandwich,” which are separated by
a single piece of radiochromic film. The energies at these
surfaces are 11 MeV and 13 MeV, respectively. Here, no ring
structure is observed and the protons cover an emission area
that gets smaller as the energy of the protons increases, but
has no apparent correlation with the lower energy component.
Measurements of protons of energies up to 18 MeV and 20
MeV were made using a similar technique; however, they were
observed to be much less collimated than were those measured
at the back of the target. Similar data (which also showed the
same low-energy ring structure) was consistently measured
over a series of shots. Simultaneous measurements at the front
and the rear of the target indicate that the maximum proton
energies are almost the same in both directions (see below).

It is likely that the lower energy component of the proton
emission is produced during the expansion phase of the plasma.
During this period, temperature gradients along the target sur-
face combined with nonparallel density gradients from the ex-
panding plasma produce self-generated magnetic fields [17].
These fields may affect the plasma [15] as it expands, thus,
forming the “ion ring,” as discussed earlier. These ions, which
include protons of up to 4 MeV, have energies that are consis-
tent with plasma expansion velocities as measured by optical
probing [15]. The magnetic pressure along the target normal
collimates the expanding plasma at the laser spot to produce a
plasma jet containing low-energy ions and electrons that can be
seen as a bright central feature. This plasma jet is likely formed
before the toroidal plasma formation and in the direction away
from the target along the normal to the surface. The ring of
plasma is formed as the magnetic field is generated in the ab-
lating plume and is recorded as low-energy protons and ions
on the radiochromic film. Such plasma formation has been ob-
served in MHD simulations and in previous experiments [15]. A
fine-scale filamentary structure can be seen on the radiochromic
film at the edge of the ring, which is unlike the images recorded
on radiochromic film at the rear of the target.

The higher energy component of the ion emission appears to
be qualitatively different from the lower energy component and

Fig. 5. Typical aluminum ion spectrum from front surface plasma during
interactions at�3 � 10 W/cm .

does not exhibit a ring structure. It is possible that these ions
are produced near the critical surface where large electrostatic
fields can be generated via plasma wave generation (via a mech-
anism such as resonance absorption). The interaction process is
therefore capable of producing equivalent maximum proton en-
ergies in both directions at the front target surface. The number
of protons above 1 MeV is about the same as that measured at
the rear of the target. The fact that the very highest energy ions in
the plasma plume have a similar energy to those recorded at the
back of the target suggests that they are not produced in the ab-
lated plume, but they are generated by large electrostatic fields
near the critical density surface, which may accelerate ions in
both directions.

The detailed energy spectra of ions emitted during these
interactions were obtained using the Thomson parabola ion
spectrometer. Previous measurements suggest that the domi-
nant component of the ion emission is protons, however, it is
clear that a substantial contribution is from other ion species.
Measurements of ion emission from lead targets indicate
Pd-like Pb ions up to 220 MeV and Xe-like Pb ions up
to 430 MeV. Fully stripped aluminum (Fig. 5) and carbon ions
up to 150 MeV and 90 MeV were also measured. The total
number of Al ions greater than 10 MeV was estimated to be

ions/sterradian.
These experiments suggest that there are two components to

proton and ion production. The lower energy part is formed
many picoseconds after the laser pulse as the heated plasma ab-
lates and is strongly influenced by the magnetic field generation
to be in the plasma. In contrast, the higher energy component is
likely generated during the laser interaction period.

IV. I ON SOURCES

The requirements for an ion source are that it be able to op-
erate at repetition rates of at least 1 Hz, that it have short pulse
length, high luminosity, and that it be flexible to make available
a wide variety of ionized species. It is likely that an ion source
using high-intensity laser-produced plasmas could meet these
requirements easily. The pulse length of ions must be less than
the revolution time for ions in a synchrotron.
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Fig. 6. Schematic of possible high intensity laser-plasma ion injector
geometry.

From the above discussion, it is clear that there are distinct
advantages to the use of high-intensity lasers for ion accelera-
tion. If gas jets are used as the target, it seems likely that high
repetition sources of highly ionized noble gases having energies
of up to 10 MeV can be produced. The disadvantage of this ap-
proach is that the ion energies are typically low and that the ions
are emitted with a broad angular distribution so that a compli-
cated collection scheme may be necessary. There are also fewer
energetic ions emitted from underdense interactions for similar
focused laser intensities.

For solid target interactions, it appears that nonlinear ac-
celeration mechanisms in the interaction region can produce
high-energy ions. However, it is not clear how the peak
ion energy scales with incident laser intensity. In the past,
laser-produced ion sources have used ions produced in the
ablated plasma plume, and while this seems to be possible using
very intense laser pulses, a better design for a high-intensity
ion source would involve the use of the forward-propagating
beam of ions. Such ions are almost as energetic as the ions
emitted in the plume, and it also appears that magnetic fields
generated inside thin targets tend to focus and collimate the
highest energy ions after they are emitted. A possible design
for a high-intensity laser/dense plasma ion source is shown
in Fig. 6. The energies of the emitted ions and the observed
angular emission of these sources suggest that perhaps the
linac pre-acceleration stage can be avoided with the use of
high-intensity laser ion sources, although clearly further work
is required to determine the reproducibility of the angular
emission pattern and of the energy spectrum of emitted ions.

The authors would like to acknowledge the technical assis-
tance of the VULCAN operations team in these experiments.
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