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Laser ion source development for the Columbia University microbeam
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A design is given of a laser ion source for the 4.2 MV Van de Graaff accelerator at the Columbia
University Radiological Research Accelerator FaciliB ARAF). The source has been designed

with application in mind for the RARAF single-particle single-cell microbeam, though it will also

be used for broad-beam irradiations. The operating principle, laser ablation, can produce heavy ions
with high charge states so that their energies will be high enough to provide sufficient range—at
least 20um—for irradiating cells on a thin surface at atmospheric pressure. The laser ion source
being implemented at RARAF is based on the laser operated ion source used by Hughes at the
University of Arkansas and consists of three main components: laser generator, source vacuum
chamber, and spherical electrostatic analyzer.2@2 American Institute of Physics.
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I. INTRODUCTION (ESA), two Einzel lensedion optical focusing elements
and a microchannel plattMCP) particle detector. In order to
attain proof of principle while maintaining result comparison
capabilities, the prototype construction followed specifica-

Columbia University’s Radiological Research Accelera-
tor Facility (RARAF) conducts fundamental investigations

into the radiobiological effects on mammalian cells through,; . .
: : . . : .~ 9"tions for the most recent version of LOYSA schematic of
controlled single-particle single-cell microbeam irradiation. . . I
the laser ion source prototype is shown in Fig. 1.

The ion source that is currently used on our 4.2 MV Van de The laser beam enters the vacuum system through a win-

Graaff particle accelerator, a duoplasmatron, ionizes atom _
from the gaseous phase and is suitable for alpha particl§0W and passes through a ldfiscal lengthf =12.2 cm and

irradiation experiment%.However, to extend the linear en- impinges on the target at an 8.5° angle of incidence. In the

: . Q-switched mode and with two stages of amplification,
ergy transfe(LET) range of our experiments, highly charged sRecifications for the Holobeam laser indicated maximum

heavy ions are necessary. Ex.pectat|ons are that a laser ig hergyE =850 mJ, pulse duratiot=15 ns, and wavelength
source will enable a range of ions from hydrogen to around 6
; : . =1.064 um.” Laser spot scores on blackened paper pro-
iron with an approximate LET range of 10 to 4500 keV/m. _. .

\gged a beam diameter measuremBnrt 0.38 cm. From op-

Laser ion sources have been developed and are used h lcul he f db di
several particle accelerator laboratofdgany of these ion tCs theory, one can caiculate the focused beam spot diameter
d=1.22\f/D=42 um. This leads to a power density ide-

sources share a common mechanism of plasma generation_" .
P 9 alization of 4.1x 102 W/cn?.

through laser ablation of a solid target. Particles are evapo- A motor continually turns a cylindrical target at 6 min

rated from a target using a focused high-energy pulsed Iaser'er revolution so that each laser pulse strikes a fresh surface.

Plasma electrons are heated by the laser radiation to tempe.iaﬁe diameter of the target is 6.15 cm and has a 19.3 cm

tures up to several hundreds of eV. High charge states are . . . .
. - circumference. The diameter of an ablation crater in alumi-

produced by electron—ion collisions. The temperature of the : . L
L . . hum is 0.25 mm. Hence, there is room for 770 individual

plasma and the consequent final ion charge-state distribution

strongly depend on the laser power density on the taraet. craters about the target circumference. For one target rota-

. . tion, the system frequency is 776/min)=2.1 Hz. The laser
useful trait common among contemporary laser ion sources

is the directional nature of the plasma plume; ion extractio repetition rate is set to this frequency. After one target rota-

: o r][ion, the target is translated 0.25 mm.
is preferred along the direction normal to the target. . e )
Plasma expansion occurs over a drift distance of 70 cm;

this distance fits within the range of typical drift distances for
Il. LASER ION SOURCE PROTOTYPE laser ion sources according to SharRoFurthermore, the

) ] drift distance leads to an increased temporal ion pulse width
The laser ion source development at RARAF is based 0Rhg o a4 reduction in subsequent plasma effects, such as

a prototype built from components of the laser operated i0R)35m4 shielding and arcing, when the ions enter an electro-

source (3505) used by Hughes at the University of gyic field regior?” Afterwards, the plasma plume enters an
Arkansas. The prototype construction involved reviving and g|ectrostatic analyzer consisting of a pair of cylindrical plates

optimizing a 1970's Holobeam S0R0Nd:YAG laser and yhat pend the ions through 180°. The analyzer, tuned for

assembling a vacuum system component containing the i0fherqy per charge, will considerably reduce the beam load on
source target material, a cylindrical electrostatic analyze{he accelerator vacuum system. For infinitely tall coaxial cyl-

inders, electrostatic theory states that the ions are analyzed
dElectronic mail: ab1260@columbia.edu by kinetic energyE=kV 5z, wherek is the analyzer constant

0034-6748/2002/73(2)/770/3/$19.00 770 © 2002 American Institute of Physics

Downloaded 20 Feb 2002 to 192.12.82.36. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



Rev. Sci. Instrum., Vol. 73, No. 2, February 2002 lon sources 771

Cylindrical Electrostatic Analyzer offset are from plasma shielding effects, from ESA voltage

settings based on theoretical infinitely high coaxial cylinders,

or from a physical shift in the ESA cylindrical electrode
locations.

! SIAHSA lon signal production does depend on target surface con-
dition and laser power density. There was a significant reduc-
tion in high charge-state yield when plasma was generated

LN from a target surface that had been ablated. So, for high

N ‘7 charge-state production, it is important to coordinate target

advancement with laser ablation. As laser power density in-

creased, the average charge state increased. At lower laser

Microchannel Plate
Particle Detector Ion Optics

[ -7

Plasma Plume

Laser | cer power densities, for instance, there is a peak fof *Alit
Target Optics dissipates in favor of higher charge states as laser power
Laser Beam density increases.
FIG. 1. Schematic of laser ion source prototype used to demonstrate proof Critical plasma details for '.[he_ Ias_er Ion source deggn
of principle. include the energy and angle distribution of the most highly

charged ions. It is necessary to know where the greatest

abundance of these ions resides in order to guide them to the
~5.62 eV/V, V, is the voltage across the analyzer, and  entrance of the particle accelerator. Hughes reported a radial
the ion charge staftNext along the ion optical path, two distribution in an extracted laser-plasma ion beam where the
Einzel lenses are available to guide ion trajectories towardfastest ions, also those with the highest charge states, reside
the MCP particle detector. The MCP axial position matcheson the outside of the beafnspace-charge repulsion effects
the eventual position of the particle accelerator entrance agwvere used to explain the trend. Data generated from the laser
erture. Attached to the MCP are a series of signal detectioibn source prototype, however, suggest that the greatest
electronics and a computer that runs a digitized wavefornabundance of the highly charged ions was slogess en-

acquisition program in LabVIEW. ergy) and was concentrated along an emission direction nor-
mal (perpendicularto the target material. This was achieved
1. PLASMA CHARACTERISTICS using magnetic coil deflectors to sample the angular emis-

. . . sion of the plasma plume.
With an operational laser ion source, research was

steered towards the intricate details of laser-induced plasmas.

System calibration involved time-of-flighffOF) spectra of

aluminum ions. A sample TOF spectrum for aluminum with

the ESA set for 400 e\ is shown in Fig. 2. This spectrum IV. COMPUTER SIMULATION
incorporated an average of 128 system cycles. The stray- . . .
light Fljaac;kground peakginitiated byyplasmaXight reflectionsy lon .trajectones.through. the Ias_er lon source prototype
offered a convenient start time pulse. From pIasmaformatiorX{Vere simulated with an ion optics computer program,

to the particle detector, the total flight distance for these iong'MION- The simulation conqsted of'V|rtuaI lon optical
components arranged on an ion optics workbench. lons

was 1.65 m. In comparison with kinematic theory, TOF dat . . .
for a variety of ion energies had a consistent offset in timea.ﬂown through the system provided ion trajectory data useful

The experimental ions required more time, implying that an characterizing the source emittance. For a confidence

reduced electric field in the ESA diminished ion analysis inCheCk'. TOF values from these data compared well with ki-
nematic theory.

terms of energy per charge. Possible explanations for this Ideally, the laser ion source emittance should match well
with the 1/8-in.-diam entrance aperture to the particle accel-
80 . , erator; this calls for an ion optical system with point-to-point
focusing. Use of a cylindrical ESA followed by two Einzel
lenses prohibited this condition. Voltage configurations on
these lenses could focus the ions in either the vertical or the
horizontal plane, but not simultaneously. An example of
emittance patterns for an acceptable vertical focus of 400
eV/z aluminum ions originating from a 0.25 mm laser abla-
tion crater is shown by the phase space plots in Fig. 3. Volt-
ages used to generate this emittance were: 69.35 V across the
0 ' T ' ' analyzer,—200 V on the first Einzel lens, and 100 V on the
0 5 10 15 20 25 second Einzel lens. A random generator was used for diver-
time of flight (us) gence within a 1° cone angle. The focusing conditions por-
FIG. 2. TOF spectrum for 400 e¥/aluminum from the laser ion source trayed _In Fig. 3 were typl_cal fOI’ the Iase_r lon source pro_to-
prototype. Arrival times for consecutive charge state peaks fof f A2 tYP€; simultaneous focusing in both horizontal and vertical
were 11.8, 12.52, 13.48, 14.72, 16.44, 19.04, and 23.4 planes was not possible.
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and repetition rate requirements. With today’s laser technol-

& 1 z | o ogy, pulsed lasers still provide greatest power. As for repeti-
8 / tion rate, the desired experimental error of controlled particle
§’ ! / irradiation restricts one particle irradiation per 100 laser
Y 05 —~ shots. Repetition rates greater than 1000 Hz would keep the
> 0 laser pulsing frequency from being a rate limiting step.
g -0.5 1 — Costly commercial Ti:sapphire lasers can meet both these
'§ -1 - requirements. Budget friendly commercial Nd:YAG lasers
£ 15 S provide the power requirement, but, they are limited to 100
2 KA ‘ : Hz repetition rates. Combinations of multiple Nd:YAG la-
15 10 -5 0 5 10 15 sers, synchronized with temporal offsets could reduce a rep-

etition rate handicap.

Outlining the laser ion source implementation, a 100 Hz
FIG. 3. Emittance simulation from the laser ion source prototype. AcceptNd:YAG laser will be mounted in front of the Van de Graaff
able vertical f_ocus is represented by the.upright s-shaped pattern. The lingccelerator, parallel to and alongside the charged particle
pattern describes a broad unfocused horizontal component. beam line. The light beam from the laser will enter the base
of the accelerator through an existing window. Inside the
accelerator, the light will pass through one of the insulating
support tubes to the terminal where it will be directed toward

The laser ion source development for the Columbia Unithe window of the ion source vacuum chamber. With har-
versity microbeam incorporates a spherical ESA. This spemonic generation, a variety of laser wavelengtt864, 532,
cific type of analyzer has double focusing capabilities withand 355 nm leads to flexibility concerning potential attenu-
point-to-point focusing in both the horizontal and vertical ation in the accelerator’s insulating gas and wavelength-
planes. Spherical ESA theory and fringing field effects aredependent ablation yields The insulating gas is presently a
well documented in Wollnick’s treatment of electrostatic mixture of N,—CGO, at 10 atm and it is possible that SWwill
prisms! Guided by spatial limitations in the particle accel- be used in the future. Ultimately, the vacuum chamber com-
erator and by a desired plasma expansion drift distance of 7@onent to the laser ion source will be a modular unit, inter-
cm the ESA dimensions were narrowed to a 24° bend with @hangeable with the duoplasmatron gas ion source.

2.7 in. radu’Js. Th|.s geomgtncal §olutlon was found by apply_ACKNOWLEDGMENTS
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V. LASER ION SOURCE DESIGN
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