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The Dublin City University (DCU) laser ion source (LIS) is a “compact high-pressure” laser ion
source utilizing a table top Q-switched laser. The DCU-LIS combines high laser fluence
(F>4 kJcm™), high laser intensity (I>10'"" Wcem™) with a short field free region
(L=48 mm) and high source potential (V.,,>40 kV) in order to offset recombination losses within
the plasma and maximize the proportion of highly charged ions which are extracted from the plasma
plume. Such a configuration also provides high peak currents (/,>3 mA), high current densities
(J>5 mA cm™2), and high charge states (Cu®") in the extracted ion-bunch train. However, to obtain
and utilize these parameter values in a high pressure LIS requires characterization and control of a
number of processes related to ion dynamics and space charge effects on the extracted ions at the
plasma plume-anode-extraction gap interface. Relevant issues include electric field distortion,
Debye shielding, beam divergence, overfocusing, and perveance (P) in addition to current density
profiles for the extracted ion beam. In this paper we focus on these issues and their impact on charge
particle extraction and acceleration with a view to elucidating the parameter regimes within which

the DCU-LIS performance envelope is optimal. © 2010 American Institute of Physics.

[doi:10.1063/1.3526738]

I. INTRODUCTION

High intensity laser (/> 10% W cm™2) generated plasmas
have, since the early 1960s (Ref. 1) proven to be a valued
source of multiply charged ions. Unlike sources such as elec-
tron beam ion sources, electron cyclotron resonance ion
sources and other electrically generated plasma sources, a
laser ion source (LIS) demonstrates high peak current, pulsed
operation (advantageous for time resolved applications and
accelerator injection) and can produce ions of any element in
the periodic table. The performance of a LIS is usually char-
acterized by the peak current (/,), the average charge state
extracted ((Z)), and the kinetic energy of the extracted ion
beam (K,). Of comparable importance are the beam diameter
(and in concert with the peak current, the current density J)
and the duration and energy spread of each charge resolved
ion bunch. Such parameters constitute the primary indicators
of the source’s operational capacity.

Laser ion source performance is also strongly deter-
mined by the geometry of the system. This is determined by
the various apertures present (anode and cathode, drift tube
and electrostatic-optics), the total length of the system (in-
cluding the distance the plasma plume transits before under-
going extraction and electrostatic acceleration, termed the
field free region, L) which is mainly composed of the drift
tube (of length D) and includes any required intervening en-
ergy or charge selective electrostatic optical elements. Tradi-
tional LIS systems usually extract charged particles after the
plasma plume has undergone free expansion over a distance
ranging”* from L=10 cm to L=1.5 m. The peak (extracted)
current is strongly dependent on this distance (1, 1 /L%) and
one must configure the system design to optimize its opera-
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tion for the desired application. Ion beams extracted from
plasmas have found applications ranging from nanostructure
fabrication® to compact accelerators for ion irnplantation6
material studies for historical analysis7 and more recently
biophysics8 studies and applications in medical treatments.”
It has taken nearly two decades to evolve from fundamental
studies of highly charged ion generation to cultural, indus-
trial, and medical applications.

A large body of work was undertaken throughout the
1970s and early 1980s to determine the optimal designs for
extracting highly charged ions from dense plasma plumes.
For example, circular apertures were proven to offer the best
peak output current.'®'? Of special interest was the value of
the ratio s=r/d, where r is the anode aperture radius and d is
the anode-cathode spacing termed the “extraction gap.” Re-
flecting its importance in ion source design, a range of ex-
periments has been undertaken to determine the optimum
value of s. Although a number of authors'*™'* have reported
s values ranging from 0.36 to 1.4, it was generally found that
small values of s (<0.3) led to superior extracted peak cur-
rent and minimization of beam divergence. The ratio s is also
a salient parameter in the design of high power diodes and
electron beams.'®™!

For the most part, authors reporting on the performance
of their systems quote variables such as extracted/collected
charge, peak current, current density, etc. These are all
scalar quantities and do not directly provide information on
the beam geometry. Other important parameters regularly
quoted when defining the performance of a system are the
emittance and the perveance. The geometrical emittance &
(7 mm mrad) of a charged particle beam is related to the
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FIG. 1. (Color online) DCU-LIS system. (a) System schematic and (b) system image.

divergence angle and velocities of the particles within the
extracted beam. It allows the designer to determine what
percentage of the beam falls within a certain radius and it is
an extremely valuable parameter as it permits the compari-
son of beams in widely disparate ion source designs. The
perveance P is a measure of the extent to which the space-
charge force within an ion beam affects the throughput of
the system. Analytically it is given by the expression
P=(I/V*?) where I is the peak current and V is the extrac-
tion bias. Recorded perveance at the exit aperture of a
charged particle source is usually referred to as the “gun
perveance” and should be distinguished from the dimension-
less value of perveance, measured at the end of a beam trans-
port system and this would include all beam loss mecha-
nisms associated with the system. This variable can be used
to quantify the ion source performance, irrespective of the
mechanism of plasma production or extraction optics. Fi-
nally, the “extraction efficiency” (expected K, versus the ac-
tual K,) and in parallel with this, the beam transport mecha-
nism determines the structure of the ion beam and the
measured current density at some desired target point.

In two previous paperszz’23 we reported on the operation
and performance of the DCU-LIS. In this paper, our focus is
on further elucidating its observed behavior. To achieve this
objective we present data on Debye shielding and its rela-
tionship to the observed kinetic energies of the extracted
copper ions. In particular we focus on the perveance of this
system, which relates directly to two very important behav-
iors, namely, beam divergence and overfocusing. Finally a
detailed analysis of the beam structure in relation to the ra-
dial, temporal, and charged resolved current density J for
Cu* to Cu®* is presented and discussed.

The paper is organized as follows. In Sec. II we describe
the main components of the system and its operating param-
eters. In Sec. III the details of the time of flight (TOF) analy-
sis are presented. The effects of extraction at high density
(high-pressure) and its relationship to the Debye length
within the extraction gap are discussed. In Sec. IV we
present a detailed characterization of the system perveance.
The fluence (F), charge and voltage dependent perveance of
the system is presented and discussed. Finally in Sec. V
analysis of the current density (/) distribution throughout the

extracted charge bunch is presented and discussed for all
charge states Cu*—Cu’*.

Il. SYSTEM DESIGN

A detailed description of the underlying physics, design,
performance, and operation of the DCU-LIS is given
elsewhere”? and so only a brief outline is given here. A 1.2
J, Q-switched ruby laser (full width at half maximum,
FWHM=30 ns, A=694 nm) is focused to a focal spot of
approximate diameter 120 wm via a 21 cm focal length pl-
anoconvex lens, resulting in power densities P in the range
0.12-2.4x 10" Wcem™ and fluences F varying from
1.2-8.5 kJ cm™ on the target surface via variation of the
laser energy. The target, a copper slab, is inclined at 25° to
the axis of the drift tube in order to minimize laser beam
“smearing.”

Referring to Figs. 1(a) and 1(b). The “prechamber,”
which is mounted centrally within the main vacuum chamber
and in which the target is placed, is composed of a single
nylon block, 5 cm wide and 4 cm long, that has been hol-
lowed out. The purpose of using a nonmetallic prechamber to
form a field free region is to minimize the surface area which
must be biased to some high potential. This reduces arcing at
high bias values. At either end of the nylon block copper
plates are fixed to act as the target holder and as the anode.
The anode aperture is circular and is 6 mm in diameter and
covered by five layers of tungsten mesh. Each individual
layer is 81% transparent, giving a net (anode) transparency
of ~35%. The laser pulse is delivered to the target through a
second bore, aligned 45° to the system axis and covered with
a glass slide. The volume enclosed by the copper plates con-
stitutes the field free region of the system which has diameter
3.5 cm and length L=4.8 cm across which the plasma plume
expands upon termination of the laser pulse, subsequently
exiting the field free region via the anode aperture. The ex-
traction gap, which is 2.4 cm in width, leads to the cathode.
This forms the grounded entrance aperture to the drift tube.
The cathode is covered by four layers of tungsten mesh.
Thus the total transparency of the anode-cathode system is
~15%. The high density meshes serve two purposes. Firstly,
the low transparency places a ceiling on the plasma density
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which can enter the extraction gap. This facilitates high flu-
ence and high laser intensity plasma generation in order to
maximize the yield of highly charged ions, and importantly,
at high source potential for optimal extraction and electro-
static acceleration of these ions. In addition, the high density
mesh creates a large number of electrostatic “source” to
“sink” points which ensure sufficient field penetration of the
plasma plume, and by extension efficient electrostatic accel-
eration of the plasma ions despite the high N, present.

Secondly, as will be shown later, a high average charge
state within a laser produced plasma inherently results in
high N,, and thus a small Debye length, which affects the
coupling between the plasma ions and the electrostatic field
within the extraction gap. In turn, distortion of this field, by
the plasma bulge at the anode, has a significant influence on
the efficiency of extraction and acceleration of charged par-
ticles which, as we will see later, is manifested by the turning
point in the perveance profile.

Upon exiting the extraction gap, ions are transported
down the drift tube (D=2.14 m) to the diagnostic chamber.
The drift tube contains an array of Einzel lens units which
continuously collimate and focus the ion beam. The electro-
static arrays are required to compensate for the strong space-
charge and thermally driven expansion of a high density,
highly charged and high velocity plasma plume generated via
laser ablation and ionization at the target surface. Because
efficient charge separation within the drift tube depends on
the extraction voltage (V,,,) and the time of flight, both must
be maximized. The beam is diagnosed at the end of the drift
tube via an irregular geometry enclosed Faraday cup for spa-
tially integrated, time resolved beam current measurements.
A scanning planar ion probe, which can transit across the ion
beam is used to determine its radial properties. To image the
beam structure the system is terminated by a microchannel
plate (MCP) phosphor assembly which converts detected ion
beam signals to corresponding visible light patterns. These
are subsequently imaged via a three-lens system with aper-
ture control onto a charged coupled device (CCD) camera
(Pulnix TM-745i) for acquisition via a fast-frame grabber
card (EPIX™), The MCP can be operated at a minimum gate
width of 70 ns to study the temporal structure of each charge
resolved ion bunch.

Finally, to diagnose the plasma signal within the extrac-
tion gap an ion probe, consisting of a tungsten wire (length 5
mm and diameter 400 wm, total area 0.04 cm™2) could be
placed in front of the cathode to sample the plasma plume
directly, albeit, only when high voltage fields were absent.

lll. TIME OF FLIGHT ANALYSIS

Electrostatic acceleration is used to separate the different
charged states within the extracted ion beam as they transit
along the drift tube. The total flight time of an ion is the sum
of the drift time in the field free region 7;, the time spent
under electrostatic acceleration in the extraction gap 7, and
the flight time in the drift tube, 7). Thus the total flight
time? is given by
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FIG. 2. (Color online) TOF trace from the Faraday cup for an extraction
voltage V=5 kV laser fluence F=3.9 kJ cm™2. The calculated TOF of
each charge resolved ion bunch, when the initial energy E, is referenced to
a particular ion bunch TOF is also displayed. The Faraday cup bias —150 V.

T(Uy, L) =T+ Ty+Tp. (1)
In addition the total potential energy of an ion U with initial
energy E, is given by

U= EO + Z,»edEd (2)

(where the electric field in the accelerating region is given by
E,;=V../d). Equation (1) can then be rewritten as

—_—
v 2m d\r% D\2m;

T(EyL)=L e + L
2\!E0 \”EO + \’EO + Z,»eV 2\"E0 + Z,-EV

(3)

The only unknown variable in Eq. (3) is E,, the initial
energy of the ions. However for laser plasma generated ions
E, is not single valued. Hence the TOF of any particular ion
bunch is not discrete. In fact, ions of equal charge within a
bunch will exhibit a distribution of velocities resulting in a
broad TOF profile (Fig. 2). In addition and as previously
mentioned, laser plasma plumes can contain ions in high
average charge states and consequently Debye shielding will
reduce the effectiveness of external electrostatic fields used
to accelerate plasma ions and so ion bunches arrive at the
Faraday cup with less kinetic energy than would be expected
for a particle of charge Z,e accelerated by a bias of value V,,
(Kp~ZieV,,). These issues result in bunch broadening and
yield the partially overlapping TOF curves seen in Fig. 2.
This further complicates the process of identification of in-
dividual charge states. To overcome this we applied the fol-
lowing procedure.

Referencing Fig. 2 and taking Eq. (3) with V=5 kV,
the value of E, was varied until the calculated TOF of the
Cu* matched the recorded center-of-mass (CM) velocity, for
a fluence value of F=3.9 kJ cm=2. The optimum value in
this case was 60 eV. This refers to the horizontal line labeled
on the right as Ref=Cu*, and on the left at E,=60 eV (re-
ferring to the kinetic energy) in Fig. 2. In this case the cal-
culated TOF of the Cu®>* was approximately 15.7 us, just
after the CM point of this ion group. However none of the
calculated TOF values for the other ion groups match the
CM velocities. The above procedure was repeated, using the
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FIG. 3. Normalized kinetic energy distribution of Cu?* vs kinetic energy for
V=5 kV, F=3.9 kJ cm™. Inset: extraction efficiency and peak kinetic
energy Cu* to Cu’*.

Cu?* CM velocity to determine the optimum value of E, so
that the calculated TOF of the Cu®** matched the actual CM
velocity. This value turned out to be E;=95 eV. In this in-
stance the calculated TOF of the Cu* remained within the
bunch temporal profile for that ion group, but was now
shifted ahead of the CM position. Repeating this procedure
for high charge states resulted in even higher values for E,
(up to 210 eV). This iterative procedure allows the assign-
ment of peaks Cu* to Cu’*, respectively.

A second issue is the actual kinetic energy of the beam
relative to that expected for a particular value of V.. In
order to study this phenomenon the time dependent current
trace must be converted to a kinetic energy distribution plot.
This can be done®* using Eq. (4),

L x?

= S 4
Zl‘el’l’ll-D2 ( )

fv)
where D is the drift tube length, 1,(7) is the time dependent
current for an ion of charge state n, ¢ is time, Z; is the charge
state, and m; is the ion mass. The velocity dependent function
f(v) is usually normalized to unity.

The time dependent current trace of the Cu®* ion bunch
was converted via Eq. (4) to a kinetic energy plot. This is
displayed in Fig. 3. It is immediately apparent that the CM
kinetic energy of this ion bunch lies in the range 6.3—-6.6 keV
and not the expected 10 keV ~(Z,eV,,). The ratio of the
actual to expected kinetic energy gives an approximate “‘ex-
traction efficiency” of ~63%. When this procedure is ap-
plied to all ion groups (Cu* to Cu®*), extraction efficiencies
of 61%—67% are obtained (see inset Fig. 3). Extraction effi-
ciencies in this range can be considered very good, as values
as low as 30% have been reported for some laser ion
sources.”

These issues are of great importance in TOF studies. As
a TOF spectrum becomes more complex then the difficulties
and errors involved in charge state identification increase.
With increasing laser intensity the maximum charge state
which can be generated increases. To effectively separate the
various charge resolved bunches one must utilize a longer
drift tube to allow for sufficient TOF dispersion and con-
comitant increased charge separation. This creates various
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TABLE I. Reference ion, Ey, and Ey/Z;.

E() E()/ Zi
Cu™ (eV) (eV)
Cut 60.00 60.00
Cu? 95.00 47.50
Cu 127.00 42.33
Cu 165.00 41.25
Cu’* 210.00 42.00

issues regarding beam transport, beam loss due to space-
charge driven radial beam expansion and ion collisions with
the ambient atmosphere.

One can also use higher extraction voltages to improve
the separation of successively charged ion bunches over a
shorter drift tube. However the maximum extraction bias
which can be utilized is constrained by arcing when the
plasma conductivity exceeds a critical value. Interestingly,
the optimum initial energy E, used to determine the TOF of
each ion converges to ~40 eV per charge state (cf., Table I).
This would imply that the initial energy of the plasma, upon
termination of the laser pulse, is close to this value. In reality,
increasing the extraction voltage for a plasma plume with
sufficiently high electron density to create strong Debye
shielding will certainly lead to distortion of the bias field in
the extraction gap and result in beam loss due to over focus-
ing upon injection into the drift tube.

In order to diagnose the properties of the extracted
plasma within the extraction gap, the ion wire probe was
used to acquire time dependent voltage traces of the ion sig-
nal for a range of fluences when no extraction field was
present. The ion density N,(¢) within the extraction gap can
be calculated using the time dependent current signal26 Ir
from the probe tip via the equation

_Ib)

Ni(1) = .
(1) eAvg

(5)
Here, A=2rl is the projected area of the probe tip of radius r
and length [/, while v is the velocity of the peak of the ion
signal. Figure 4 displays the peak N; value recorded for each
laser fluence and the inset displays the TOF ion current trace
for F=3.96 kJ cm~2. The most important variable on which
electrodynamics of the plasma ions within the extraction gap
depends is the Debye length, Ap. To determine its value, the
electron density N, and electron temperature 7, are required.
The peak N, value for the range of laser fluences that apply
here can be approximated by assuming an average charge
state within the plumes of (Z)=2.5 and converting the time
dependent ion density traces to time dependent electron den-
sity traces.

In relation to the electron temperature, in a previous
publication22 the time dependent trace I; was fitted with
a function which allowed the plasma temperature Ty
(Knudsen layer temperature) and drift velocity to be deter-
mined, assuming a shifted Maxwell-Boltzmann ion velocity
profile. For “late-stage” adiabatic free expansion we assume
that the deduced Knudsen layer Ty =T7;=~T,. Using these
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FIG. 4. Measured peak ion density N; within the extraction gap for all fluences studied. Inset: time dependent current trace from the ion probe, for
F=3.96 kJ cm™.
assumptions we can approximate the Debye length”’ to de-  A. Derivation of perveance condition

termine the extent of shielding of the plasma ions from the

. . . Determination of the current from a parallel plate diode
extraction field using equation

based charge source is based on flow solutions to Poisson’s
(sOKTe>” 2 0 69( Te>”2 equation (V2V=p/g;) for a one dimensional diode with ex-
D = = . —
e

(6) traction voltage V., and space-charge limited flow of density
2

) ‘ ) ) ] p. Its current density is governed by the Child—Langmuir3
Table II displays the delivered laser intensity, fluence, fitted

Knudsen layer temperature, approximate peak N,, and calcu- faw

lated Debye length. Table II clearly indicates that the Debye

length within the plasma plume is substantially less than the W

dimensions of the extracted plume for all delivered laser flu- Q s ﬁ %h 7)
ences This analysis confirms the trends observed in Fig. 3, A 9 m; d*

i.e., the final kinetic energy of the extracted ions is not com-
pletely determined by the relation Z,eV,,, but is in fact a
fraction of this quantity (here ~0.65). This result stems di-
rectly from the design configuration of the DCU-LIS and the
concept of extraction at “high-pressure,” close to the plasma
generation point.

Here A= is the area of the first extraction aperture,
m; is the ion mass, Z; is the ion charge state, g, is the per-
mittivity of free space, and d is the extraction gap width (SI

units). Dividing both sides by Vzg and rearranging gives

IV. PERVEANCE TABLE II. Laser intensity, laser fluence, fitted plasma temperature (Ty),
peak electron density (N,), and the Debye length (\p).

The perveance P provides a measure of the extent to

which the flow pattern of a charged particle beam is influ- I F Ty fit Peak N, Ao
enced by space charge and is given by the simple expression (Wem™)x 10" (kJ em™) X (10" em™)  (107° m)
P=I/ Y3/2, where I2 gs the extracted beam current and V is the 035 o4 2500 192 453
e).(tractlon Vqltage (Ve A larg(? perveance value means a 0.61 212 10 100 537 473
high proportllor.l of the. beam particles are in a norr.na.l ﬂpw 0.87 3.10 10450 6.16 449
and thus exhibit low dlvergepce. The fundamenta? llmltatlon L13 3.97 10 800 725 420
on the perveance of a bean} is the space—charge .hmlted' cur- 139 436 11175 8.07 40,5
rent. The reported fo'rmulatlon of the'current-hmlt fo'r differ- 165 579 11 500 977 374
ent ratios of extractlonz(?%flzrture radius r to extraction gap 1.90 6.64 12500 10.03 379
length d varies greatly.” " However as a means of direct 218 761 14 550 10.77 401
comparison of a diverse range of ion sources it is a useful 244 352 16 600 10.87 96

parameter.
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FIG. 5. Measured perveance P for Cu®*. F varies from 1.24 to 3.96 kJ cm™ for dc extraction (5-17 kV). Inset: comparison of perveance profiles for dc
(5-17 kV, d=25 mm) and pulsed extraction (15-40 kV, d=12 mm). The dotted line in the inset outlines the expected perveance profile if pulsed extraction

was performed at lower voltages.

m; 1 —4egm 2
\/—%— V2e—> ( ) . (8)
Zi Véxt 9 d
Substituting m; with A;u where A; is the atomic mass of the

ion and u is the atomic mass unit and calculating the numeri-
cal values of the other constants we obtain

A; I, 2
- V3/2_172>< 1077 y (9)

17 ext

Thus the perveance P of a system is defined by the ratio
of the radius of the extraction aperture to the length of the
extraction gap. The design of the beam optics for extraction

/2 5
Perveance versus V:xt for Cu” to Cu

-3/2.

Perv K (10° AV™?)
284 = Cu

Turning Point

is constrained by this ratio. Typically, the aspect ratio is kept
below a value of 0.5 in order to prevent spherical aberration
at the periphery of the beam’” so that the maximum beam
current [, of a diode with good optics is determined only by
the extraction voltage and does not directly depend on the
actual diode size. In practice, the beam current increases with
diode size because a larger diode can withstand a higher
extraction voltage, in contrast the current density decreases
with increasing diode diameter.

Given the constant value of r/d, perveance should also
be constant in time; however in reality this is rarely the case.
The perveance of a system as given by Eq. (9) is termed the

* F=3.9 kdcm?

Charge Dependent Turning Point
1 —o—cu* (10°) AV
g'g ] ou” ‘ F=3.9 kdem2,
22] = cu” i
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FIG. 6. Perveance P for Cu* to Cu>* for all dc extraction bias values and F=3.96 kJ cm™2. Inset: observed turning points in the perveance profiles for each

charge state.
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FIG. 7. Time resolved current density traces J, for each charge resolved ion
bunch. Currents from the Faraday cup were converted to current densities J
using the ion bunch diameter obtained from the corresponding time resolved
image. Inset: TOF voltage trace on the Faraday cup for V,.=5 kV,
F=3.9 kJ cm™.

Child-Langmuir perveance P, for a plane diode. It has been
shown experimentally that the perveance for which the beam
divergence is a minimum is in fact a fraction of the Child—
Langmuir perveance. Under such conditions an ion beam is
termed perveance matched and P takes the value®*

Popim =0.6P. (10)

The simple linear optics mode of Green™ assumes that
the plasma boundary is a section of an unaberrated, concave
spherical surface. The disagreement between the predicted
perveance match condition and the reported data would in-
dicate that the true plasma boundary shape is more complex.
Numerous authors have addressed deviations from theory
but most have done so only for high perveance systems
(P>10"° AV~?) such as electron guns with rigid emitting
surfaces.” 7 In these papers, perveance deviations from the
expected values were attributed to the “anode hole” effect.®
In real extraction systems, the gap length d between the elec-
trodes (usually >10-15 mm) is chosen in concert with the
desired focal length f of the source using the relationship39

rla=f=d (11)

(where « is the beam divergence). This expression assumes
that no beam transport is required, which is usually not the
case for the vast majority of reported experimental systems.
In addition, for an expanding plasma plume, the plasma
boundary is akin to a dynamic fluid in constant motion and
thus the electric field normal to its surface is zero.” As a
result of the varying plasma boundary and plasma density,
the shape of the field in the extraction gap is strongly modi-
fied which has a pronounced effect on the performance of
both ion source and beam transport systems. In experimental
perveance measurements, it is possible for a beam to be
overmatched (P> P,) and under such conditions an ion
beam can become hollow, while for the undermatched con-
dition (P < P,) the beam can display low distortion, but the
current density at its center becomes partially reduced, lead-
ing to a double peak radial profile in the current density.40
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Beam area Vs bunch duration via fit to ICCD

2
A(m1r:)10 3 _ image outer diameter for Cu” to Cu™.
S %
— Cu Cu’ Imaged lon Bunch Sarich
cu® Sl ae. . Radius
80.0 - -~ ou*
70.0 P cu*
60.0 - \_ |----cu™
50.0-] > ‘TOF back
40.0 - : ~24.7 ps.
30.0 4 :
20.04 .
10.0 !
0.0 T T

T T T T T
1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0
Duration(us)

FIG. 8. (Color online) Time resolved area of each ion bunch, Cu* to Cu’*,
calculated by referencing the outer diameter of the time resolved ICCD
images for each ion bunch. (Inset) Mosaic of the time resolved 2D images of
the Cu* ion bunch, with the upper right quadrant removed to display the
detected ion gradient from bunch outer edge to bunch center.

Across a wide range of charge particle generation sys-
tems, quoted perveance values show variation over several
orders of magnitude. For plasma based ion sources, P
can range from 1Xx10% AV=2 (rf gas source)*' through
2.1X107® AV (H™ magnetic multipole ion source)"
to 7x10% AV™32 (duopigatron).’® For more rigid,
high powered devices the perveance ranges from
values of P=6X10"° AV¥2 (high powered diode)*
through 2X 107 AV (high powered Klystron)* to
P>10° AV (Joint European Torus “plug in neutral
injectors”).44 The highest perveance values are reported from
simple high power diodes®® (P~ 10~ AV~2) and wide ap-
erture diameter (r>2 cm) He* rf sources™ for which
P~107% AV72,

B. System performance profile

As Eq. (9) indicates, the perveance of a LIS is strongly
determined by the ratio of r/d (anode radius to extraction
gap width). Using this equation we can determine the ana-
Iytical value of the perveance for the DCU-LIS system which
is P=0.6X 10" AV~ for Cu* or 133X 10~ AV~ for
Cu’* with intermediate values for the doubly to quadruply
charged species. If experimental values (determined by
I/ V32 measurements) exceed this limit then the system per-
formance would be compromised as the beam divergence
would exceed the optimal value. Figure 5 displays the per-
veance of the Cu®* ion bunch for a range of laser fluences for
dc extraction at a gap width d=24 mm. The measured per-
veance profile for all laser fluences employed displays a turn-
ing point at a value which is reasonably close to the calcu-
lated Child-Langmuir perveance value (for Cu®* at a V.,
value of ~15 kV). The observed perveance peak then de-
clines sharply in all cases. We associate this behavior with
variation in the real extraction gap of width d, which ema-
nates from the distortion of the defined plasma boundary and
resulting plasma “bulge” at the anode.>?%447 Thig results
in a decrease in the effective value of d, temporarily increas-
ing the maximum current density J which can be extracted
from a parallel plate system.
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Radial Current Density Variation:

Phys. Plasmas 17, 123115 (2010)

cu”™ at~15ps

J(r:.\:-lm'z) Current Density Radial Profile
" (b)
i ’iﬁ‘w,‘;‘ <y 0:1
Ml
f ] Q’\\Vw 0.0
AN e e ;:amr:gius(“nfm) >0 .
i ﬂ; (TN h Contour Plot
TR OO =
g%:»{{&’,{fé;{ém - ©
RN L :
ﬁﬁé%ﬁ&%@iﬁ“”?’ thm:z-0

14 143 174 200
X{mm)

T
8.6

FIG. 9. (Color online) [(a)—(c)] Profile of the current density distribution over the Cu?>* ion bunch. The image is referenced to the current density peak in the
TOF current recorded by the Faraday cup (Fig. 2). (b) Radial profile of the current density distribution. (¢) Contour plot of the current density profile (a).

However, further increases in J with V,,, result in aber-
ration of the plasma boundary, and in concert with the con-
comitant electric field distortion, overfocusing occurs so that
ion bunches experience strong divergence upon injection into
the drift tube. The resulting perveance mismatch manifests
itself as a steep decrease in the perveance profile at high
values of V. The inset in Fig. 5 compares the perveance for
d=24 mm (dc extraction 5-17 kV) and d=12 mm (pulsed
extraction 17-40 kV). The smaller gap width in the case of
pulsed extraction results from the requirement for a smaller
value of d, if I, is to continue to increase as V,,, increases
(Child-Langmuir current density law). For pulsed extraction,

beyond the turning point, the perveance displays a similar
decay profile, however the rate of decay is less pronounced.
Referring to Fig. 6, where the perveance for all charge states
from Cu* to Cu’* is plotted for values of F=3.96 kJ cm™>
and V. ,=5-17 kV dc, it can be readily observed that this
behavior is replicated for all other extracted ion bunches.
Despite the fact that Eq. (9) predicts that the perveance P
should increase as the square root of Z;, the turning point in
P actually decreases with increasing ion charge (cf., Fig. 6,
inset). This can be explained in terms of distortion of the
extraction field in the gap, resulting in perveance mismatch,
and concomitant excessive lateral beam expansion, which

J, Cu® Beam Center Vs TOF, F= 3.9 kVcm™, V_ =5 kV.

J(nAmm™2)
0.16 h J(nAmm'z) . "
1 s 0187 J _ atBeam Center Cu to Cu™".
o " 016l "
0.14 = :
_ ] T
0.12 4 -,l' R o4z
1 / -\ 0.10
0.10 " m 0 o .
| I/ \ on \I
/ i
0.08 /- 0.04 \
] . mooz] . . . :
[ 1 2 3 4 5
0.06 _ -/ Charge State
T T T T T T T v T T T T T
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FIG. 10. Time resolved current density of the Cu?* jon bunch, along the bunch centerline, i.e., along the axis of the drift tube. Inset: peak recorded current
density, charge resolved for each ion bunch along the axis of the drift tube.
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affects highly charged ions more than lowly charged ions.
Hence the deleterious effects of perveance mismatch become
apparent at lower values of extraction bias. This is a funda-
mental limitation in high pressure LIS designs and so it must
be compensated for by employing extensive electrostatic op-
tical systems for efficient beam transport. In a previous
publication,23 the peak collected current from the DCU-LIS
increased by a factor of 8 after an Einzel lens array with
appropriate bias values was employed.

V. EXTRACTED BEAM CURRENT DENSITY
STRUCTURE

Figure 7 shows the time resolved current density re-
corded by a Faraday cup. The data were obtained at a dc
extraction bias of 5 kV for a fluence of F=3.96 kJ cm™2. The
spatial distribution of the ions, within each charge resolved
ion bunch, was also recorded with the aid of a gated inten-
sified CCD camera (ICCD). The Faraday cup recorded the
current (inset Fig. 7), which was subsequently converted to
current density J using the outer diameter of each time re-
solved ion bunch image to estimate the appropriate area. The
variation in areas along each bunch is displayed in Fig. 8 for
Cu* to Cu®*. The inset in Fig. 8 shows a time resolved mo-
saic of the ICCD images for the Cu* ion bunch with the
upper quadrant removed to display the detected particle gra-
dient. It is also clear from Fig. 8 that as the charge state
increases, the temporal duration of the ion bunch decreases.
It is clear that the outer diameter of each ion bunch also
initially increases with degree of ionization, from Cu* to
Cu** and then decreases from Cu’* to Cu’*.

To determine the actual spatial distribution of current
density across a plane intersecting each ion bunch, a two
dimensional intensity profile was recorded by the ICCD
camera for the relevant time delay. The corresponding cur-
rent density was obtained from the Faraday cup measure-
ment. The current density scale for the 2D profile was ad-
justed so that the integrated current density corresponded to
the Faraday cup measurement. Using this approach we deter-
mined the time-space resolved J distribution, see, e.g., Fig. 9,
which shows the result of this procedure for Cu®* at a time
delay of 15.04 wus. The upper inset displays the radial profile
of this 2D distribution and the lower inset a contour plot of
the distribution. The procedure was repeated for all time de-
lays covering the front to the tail of the bunch, i.e., ca.
14-18 us (see Fig. 7, inset for the corresponding Cu?* time
trace).

The time resolved profile of the peak J at the beam cen-
ter for the Cu?* bunch is displayed in Fig. 10. It was noted
that within the overall bunch duration of ~3 us, a region
1.3 us in duration exhibited a maximum/minimum variation
of 10% on the peak recorded signal. Thus for approximately
half of the Cu?* beam duration, the current density at the
beam center is nearly constant. If this procedure is repeated
at the peaks of each charge resolved bunch (Fig. 2), then the
charge dependent peak value of J at the beam center can be
plotted. This result is shown in the inset of Fig. 10. As ex-
pected the peak J value at the center of each ion bunch
displays approximately the same trend as the peak currents
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observed from the Faraday cup with the maximum beam-
center current density recorded for the Cu®* ion bunch.
From Fig. 9, approximately 75% of the beam current
density resides within a radius of 4.2 mm of the beam center.
Thus a cylinder, ~8.4 mm in diameter encloses an ion
bunch of nearly constant charge density (<10% variation)
along its major axis and varies by no more than 25% radially.
To our knowledge this is the first report of the internal cur-
rent density structure within an ion bunch for LIS systems.
The use of an aperture at the end of the system to block
all but this section of the beam would allow packets of
highly charged ions of almost uniform dose to be delivered
to a target for implantation studies. Furthermore, energy
compensating electrostatic elements (such as an ion energy
analyzer with a wide aperture) could be used to minimize the
kinetic energy dispersion within an ion bunch, thus shorten-
ing its temporal duration and increasing the peak current.

VI. CONCLUSION

The performance of the DCU-LIS, a compact, high-
pressure laser ion source has been presented and discussed.
The system perveance has also been measured and a pro-
nounced turning point its profile, related to electric field dis-
tortion and strong lateral beam expansion, was observed. The
peak current density at the beam center for all charge states
from Cu* to Cu’* has also been presented and ranged from
0.3 to 0.16 nA mm™2. Finally the internal current density
structure has been presented for Cu*.
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