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Charge state distribution analysis of Al and Pb ions from the

laser ion source at IMP *
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Abstract: A prototype laser ion source that could demonstrate the possibility of producing intense pulsed high

charge state ion beams has been established with a commercial Nd:YAG laser (Emax=3 J, 1064 nm, 8–10 ns) to

produce laser plasma for the research of Laser Ion Source (LIS). At the laser ion source test bench, high purity

(99.998%) aluminum and lead targets have been tested for laser plasma experiment. An Electrostatic Ion Analyzer

(EIA) and Electron Multiply Tube (EMT) detector were used to analyze the charge state and energy distribution

of the ions produced by the laser ion source. The maximum charge states of Al12+ and Pb7+ were achieved. The

results will be presented and discussed in this paper.
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1 Introduction

Many kinds of high current multiple charge state
heavy ion sources have been developed at several lab-
oratories, which are primarily restricted to four types of
ion sources: Electron Cyclotron Resonance Ion Source
(ECRIS), Electron Beam Ion Source (EBIS), Metal Va-
por Vacuum Arc ion Source (MEVVA), and Laser Ion
Source (LIS). Pulsed highly charged heavy ion beams
have been produced with an ECRIS with the afterglow
mode at GSI [1], and CERN. EBISs invented by Donets
in 1965 [2], have a very complicated system for beam con-
trol, and consequently they have huge dimensions com-
pared to other ion sources. The beam intensity produced
with a MEVVA ion source [3, 4] can reach to the order
of mA, but the charge states are relatively low. In con-
trast, LIS can easily produce the high charge state and
high intensity ion beams (several ∼mA), especially the
refractory metallic ion beams, and what is more, the sys-
tem only consists of simple instruments.

The collaboration between CERN, ITEP-Moscow,
and TRINITI-Troitsk was devoted to developing a LIS
for LHC, in which a CO2 laser (100 J, 15–30 ns) was
designed to operate at a repetition rate of 1 Hz. With

this laser, a few emA peak current of Pb27+ beam was
achieved, and the total extracted current was about 20
emA [5]. In 2000, Okamura proposed an idea of direct
injection of the laser produced plasma into an RFQ cav-
ity, or so-called direct plasma injection scheme (DPIS)
[6], with which the maximum currents of 60 mA of C4+

[7] and 17 mA of C6+ [8] were obtained. The PERUN at
the Institute of Physics in Prague (1315 nm, 50 J, 350–
800 ps), with the laser intensity up to 1016W/cm2, was
used to generate highly charged ions of various elements:
Al, Co, Ni, Cu, Ag, Sn, Ta, W, Pt, Au, Pb, Bi, and the
maximum charge state achieved was up to 50+ [9].

Since 2007, the Institute of Modern Physics (IMP)
started to develop laser ion sources to produce highly
charged ion beams. Due to the capability of LIS to pro-
duce high-brightness ion beams (with current intensity
of 10–100 emA and pulse duration of 1–10 µs), single-
turn and single-pulse injection mode for a synchrotron
could be realized. Therefore, LIS has been considered as
a candidate ion source for a planned project, the High
Intensity Heavy Ion Accelerator Facility (HIAF). For the
application of LIS in accelerators and DPIS, the most im-
portant issue is the properties of laser-produced plasma,
which is the main topic of this paper.
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2 LIS principle

In a laser ion source, a short pulsed, high power laser
beam is focused to a small spot on a solid target leading
to localized heating and subsequent evaporating. Elec-
trons in the gas evaporated from the target absorb the
laser irradiation via inverse Bremsstrahlung process and
then turn into high energy up to several hundreds of elec-
tron voltage. When the laser plasma occurs, the heavy
ions in the plasma are produced by electron-ion colli-
sions; the ionization process is step by step, and then
the laser plasma rapidly expands normally to the target
surface within a small emitting angle. The temperature
of the plasma and the consequent final ion charge states
distribution strongly depend on the laser power density
on target surface.

The cutoff density of the laser plasma is higher
than that of other kinds of plasmas of conventional
ion sources, such as ECR plasma. For instance,
the ncutoff made by Nd:YAG laser (λ=1064 nm ) is
0.98×1021 cm−3, while ncutoff of an 24 GHz ECR ion
source is 7.16×1012 cm−3. The advantage of the high
density plasma is its availability to produce many ions.
The expression of plasma cutoff density is shown below:

ncutoff =
ε0meω

2

e2
=

1.11×1013

λ2[cm]
[cm−3], (1)

where e0: permittivity of free space; me: electron mass;
ω: angular frequency.

The electron temperature of the plasma, which is
determined by the inverse Bremsstrahlung process, is
roughly as follows:

Te∝(Iλ2)2/3, (2)

where Te: electron temperature; I : laser intensity [W/
cm2]; λ: laser wavelength [µm].

The inverse Bremsstrahlung process refers to the pro-
cess in which an electron absorbs radiation as it scatters
in the Coulomb field of an ion. The absorption coefficient
is

α=
nee

2γc

ε0mec(ω2+γ2
c )

, (3)

where me: the mass of electron; ne: electron density; γc:
electron-atomic collision frequency.

3 Experimental setup

The layout of the experimental test bench of the LIS
is shown in Fig. 1 and the main parameters are listed in
Table 1. The laser beam was transited for several me-
ters in air by several high reflection (HR) flat mirrors,
and then went into the vacuum target chamber through
a K9 glass window. The target chamber and the diag-
nostic equipment were evacuated to about 10−4 Pa. To
avoid the damage to the laser generator optical-elements,

a Faraday isolator was used between the exit of the laser
and the first HR mirror to eliminate the negative effects
of optical feedback, which allows the laser to pass unim-
peded in the forward direction, while strongly attenuated
in the backward direction.

Fig. 1. (color online) Layout of the laser plasma
ion source experimental beam line setup.

Table 1. The main parameters of the Nd:YAG laser
of the LIS.

specification value

laser type Nd:YAG

wavelength/nm 1064

Emax/J 3

Emax(after Faraday isolator)/J 2.419

pulse width/ns 8–10

laser output diameter/mm 15

repetition/Hz 1

focal length/mm 100

divergence/mrad <1

incident angle ∼45◦

The laser beam was focused on the target by a con-
vex lens held by a precise three dimensional manipulator
consisting of three actuating motors. The minimum step
of the 3-D manipulator is 0.01 mm which can provide
a fresh target surface after every laser shot. The focal
length of the lens is 100 mm and the incident angle is
about 45◦. The dimension of the target is 50 mm×50 mm
with 1 mm thickness.

As mentioned in formula (2), the electron tempera-
ture Te is proportional to (Iλ2)2/3, and the properties of
the laser plasma strongly depend on the Te. The laser
intensity I [W/cm2] is given as follows:

I=
Eeff

τπ

(

deff

2

)2 , (4)

where Eeff : the effective energy of the laser; τ : the laser
pulse width; deff : the effective laser focal spot size on the
target. As laser intensity is changed, the average charge
state in the laser plasma will change accordingly. When
the laser generator is chosen, the Eeff and τ are set. The
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laser intensity is then only influenced by deff . The deff

is subject to both the roughness of target surface and
the location of the target at the laser beam waist. Fur-
thermore, the highly charged ions expand in the normal
direction of the target surface, and the jet angle is about
20◦. The emission distribution is approximated by the
superposition of a cosine and a cosn fit function [10, 11].
The good planeness surface of the target is favorable to
the repeatability of the laser-produced plasma and to
the adjustment of the target surface normal direction to
match the beam line axis as well.

The photo detector can provide the trigger signal,
which is generated by the diffused light from the first
HR mirror. This trigger signal is used as the start time
of the detector system. The distances from the target
surface to the Faraday Cup (FC) and EMT detector are
3.22 m and 4.92 m, respectively. Those position parame-
ters can be used to calculate the ion pulse duration time
τs and ion beam current density js with the experimental
scaling laws [12]:

τs
∼=τ0

(

Ls

L0

)

js
∼=j0

(

Ls

L0

)3

, (5)

L0: measured position; Ls: desired position; τ0: pulse
width time at L0; τs pulse width time at Ls; j0: current
density at L0; js: current density at Ls.

The EIA is available to distinguish ion charge states,
only the ions with a given energy-to-charge state ratio,
E/z, can pass though the EIA [13].

E

z
=

eU
[

2ln

(

R2

R1

)] , (6)

where, R2: outer plate radius; R1: inner plate radius. In
our case, R2=505 mm, R1=495 mm.

The main parameters of the EIA are listed in Ta-
ble 2. To avoid the machining deformation, the special
electrode was designed, shown in Fig. 2.

Table 2. The main parameters of the EIA.

name value

plate shape cylindrical

plate material aluminum

bending angle 90◦

Umax/kV ±40

(E/z)max/eV ∼106

R0/mm 500

Gap/mm 10

electrode height/mm 60

vacuum in tank/Pa 10−5

Two slits are placed at the entrance and the exit of
the EIA. The width range is ∼5 mm from the center. The
slits are used to improve the resolution of the EIA. The
voltage applied to the electrode of the EIA can reach up

to ±40 kV. At the downstream, the EMT detector was
placed. The EMT detector has high gain yet low dark
current and is therefore useful to detect a very small
amount of charged particles and particles with low en-
ergy. Using the EMT detector with EIA, the spectrum
of the flight time of different charge state ions can be
achieved from the oscilloscope that connects with the
EMT detector.

Fig. 2. (color online) The 3-D graph picture of EIA
and vacuum chamber.

4 Laser plasma production

Because the focal position is crucial to the produc-
tion of the high charge state ions as mentioned above,
two tasks should be done before measuring laser plasma:
1) the target surface flatness needs to be measured; 2)
optimize the target position.

Fig. 3. Flatness data of the target surface abscissa
is the time for measurement time.

To measure the target surface flatness, the
KEYENCE high-speed, high-accuracy CCD laser and
displacement sensor was used. Fig. 3 shows the typical
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data plot of the target surface. In general, the flatness
of the target surface needs to be better than 0.05 mm,
which can benefit for the good repetitiveness of the laser
plasma condition. As shown in Fig. 3, the surface flat-
ness of this target was about 0.0466 mm. With the
three-dimensional manipulator and the FC signals, the
optimization of the focal position of the target is easily
achieved.

As shown in Fig. 4 (laser beam conditions: E=
2.297 J, 1064 nm, f=100 mm), the highest beam cur-
rent and lowest peak time can be easily achieved, which
were the obvious evidence of the best focal position of
the laser shot. When the target position was chosen,
the voltage of EIA detector would be scanned to get ion
spectra.

Figure 5 shows the typical signal from the EMT de-
tector. The peaks in the spectrum could be attributed
to ions with different energy-to-charge ratio. Due to the
principle of the EMT detector, the signal comes from
the secondary electron, so the negative signal is shown.

Fig. 4. Peak time and beam current of FC with
different longitudinal positions of the target.

Fig. 5. Typical spectrum from the EMT detector.

H+ came from the contamination of the residual gas in
the target chamber or residual water on the target sur-
face when the target was installed. The base line of
the spectrum was high because the first slit of EIA was
opened widely.

Figure 6 and Fig. 7 show results for the aluminum
material, Fig. 8 and Fig. 9 for the lead material, respec-
tively. The charge states of aluminum and lead ranged
from Al3+ to Al12+ and from Pb1+ to Pb7+, respectively.
From Fig. 8, one can see that the higher charged state
ions concentrate at the early stage of the spectrum, while
lower charged state ions extend to a long tail. The high-
est yield ions are Al10+ (23.91 %) and Pb4+ (20.95%),
respectively. The measured total ion beam currents at
the FC position are 0.54 mA for Al and 0.48 mA for Pb.

Fig. 6. (color online) Charge state distribution ob-
tained with Al target.

Fig. 7. Percentage of different charge states ob-
tained with Al target.
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Fig. 8. (color online) Charge states distribution of
Pb beam.

Fig. 9. Percentage of the different charge state of
the Pb beam.

5 Discussion

As presented above, in our laser plasma produc-
tion experiment, very highly charged Al ions have been
achieved; while for Pb plasma, the highest charge state
was Pb7+, whose ionization potential is much lower than
that of Al12+. The possible reason for this great differ-
ence might be: 1) The laser power density is not high
enough. In our case it is about 1012 W/cm2, which is
not suitable for high charge states of heavy element ma-
terial, like Pb. 2) During the early stage of laser plasma
expansion, recombination [14, 15] of highly charged ions
might occur, which would depress the high charge state
yield. From the spectra presented in Fig. 6 and Fig. 8,
the peak velocities of Pb and Al ion are estimated to be
1.03×105 and 4.06×105 m/s, respectively, which makes
the transit time of Al ions through the recombination
zone much shorter than that of Pb ions and finally leads
to the great difference in the charge state distribution
of the two species. This effect needs to be confirmed by
further investigations.

6 Conclusion

At IMP, we have built a beam line for the laser plasma
research. The aluminum and lead foil targets have been
tested; the high charge state ion beams of Al12+ and
Pb7+ have been achieved.

In future experiments, we intend to use different inci-
dent angle and laser energy to study their relationships
to the ion beam average charge state; and still plan to
use different pure material or some compound material
targets to test the production of highly charged state
ions.
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