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This article reports on the development and application of a Thomson parabola �TP� equipped with
a �90�70� mm2 microchannel-plate �MCP� for the analysis of laser-accelerated ions, produced by
a high-energy, high-intensity laser system. The MCP allows an online measurement of the produced
ions in every single laser shot. An electromagnet instead of permanent magnets is used that allows
the tuning of the magnetic field to adapt the field strength to the analyzed ion species and energy.
We describe recent experiments at the 100 TW laser facility at the Laboratoire d’Utilization des
Lasers Intenses �LULI� in Palaiseau, France, where we have observed multiple ion species and
charge states with ions accelerated up to 5 MeV/u �O+6�, emitted from the rear surface of a
laser-irradiated 50 �m Au foil. Within the experiment the TP was calibrated for protons and for the
first time conversion efficiencies of MeV protons �2–13 MeV� to primary electrons �electrons
immediately generated by an ion impact onto a surface� in the MCP are presented. © 2008
American Institute of Physics. �DOI: 10.1063/1.2987687�

I. INTRODUCTION

Due to the development of ultrahigh-power laser sys-
tems using the technique of chirped-pulse-amplification1 the
field of laser-plasma interaction has gained increasing atten-
tion and enormous scientific activity over the last years. Be-
yond laser intensities of a few times 1018 W /cm2, the mo-
tion of electrons in the electromagnetic field of the laser is
relativistic, as the electron velocity approaches the speed of
light within one oscillation period only.

Modern laser facilities can reach intensities in the laser
focus up to 1022 W /cm2.2 During the interaction of such a
laser pulse with a solid target the prepulse is already suffi-
ciently intense to transform matter into the plasma state. The
main part of the pulse then interacts with a highly ionized
and hot plasma.

Primarily, this leads to a strong ponderomotive accelera-
tion of electrons in laser direction with particle energies from
several 100 keV to more than 100 MeV.3–5 Secondary pro-
cesses are the generation of MeV �-rays,6 neutrons from
fission reactions,7,8 and the acceleration of protons9–11 and
heavy ions to MeV energies.12

The observed ions discussed in this paper are emitted
from the rear surface of a thin target foil. The laser-
accelerated hot electrons propagate through the target and
build up a strong electric field on the order of TV/m at the
rear surface of the foil. Due to the strong field strength, the
atoms at the target surface are field ionized and are then

accelerated normal to the target surface. This mechanism is
called the target normal sheath acceleration10 model. The ion
acceleration into vacuum can be described by a self-similar
solution assuming quasineutrality in the expanding plasma.13

The accelerated ions show an excellent beam quality with a
transverse emittance of less than 0.004� mm mrad.14 Up to
1013 protons have been observed in a single laser shot.9 In all
experiments a strong proton signal was detected, regardless
of the chosen target material. These protons mostly originate
from hydrocarbon contaminations at the target surface and
are accelerated best due to their highest charge-to-mass ratio,
outrunning other ion species, and shielding the field from
them. Nevertheless it is possible to accelerate various heavy
ions by cleaning the target with different methods.12,15,16

Thomson parabola �TP� spectrometers are a well-known
diagnostic to characterize the laser-accelerated ions with re-
gard to their energy spectra and their charge states. In this
article we present the design and calibration of a flexible TP
for laser-ion-acceleration experiments that was specifically
developed for application at different laser facilities. There-
fore, the TP is equipped with a microchannel-plate detector
�MCP� that allows online measurements even at a laser sys-
tem with high repetition rates. The second feature is the use
of an electromagnet allowing to adapt the range of the TP to
various ion species and energies specific to different laser
facilities, i.e., tabletop lasers as well as high-energy systems.

There are a few publications about the applications of
TPs with MCP as ion detectors in laser-plasma experiments.
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Barabash et al.,17 Olsen et al.,18 and W. Mróz et al.19 pre-
sented TP data about ions accelerated by microsecond, nano-
second, and picosecond lasers, respectively. The most strik-
ing publication was the detection of quasimonoenergetic ions
produced by the interaction of a high-intensity laser with
structured thin titanium foils by Schwoerer et al.20

Section II describes the working principle and the setup
of the TP and gives a comparison to other detectors often
used. Section III deals with the energy resolution of the TP.
Section IV gives an overview of the experimental setup at
the LULI 100 TW laser facility. Section V describes the cali-
bration of the TP using radiochromic films �RCFs� and
CR-39 detectors. However, the analysis of the MCP data
suffers from some accuracy limits. These are described in
Sec. VI. The results of the calibration and a test of the system
in laser-ion-acceleration experiments are presented in Sec.
VII.

II. THE THOMSON PARABOLA: WORKING PRINCIPLE
AND SETUP

The working principle of the TP is the use of a magnetic
field and an electric field oriented in parallel and perpendicu-
lar to the ion beam propagation direction, respectively.21 In-

side the TP the ions are deflected by the Lorentz force, F�

=q�E� +v� �B� �, parallel to the electric field �E� � and perpen-

dicular to the magnetic field �B� �. v� is the velocity of the ions
and q=Z�e is the ion charge. For an ideal TP, assuming
nonrelativistic particles and no deflection due to fringe fields
and with l�D, the deflections are given by the following
equations:

x =
qElD

2Ekin
, y =

qBlD
�2mEkin

, y2 =
q

m

B2lD

E
x . �1�

Here x and y are the deflections due to the electric and mag-
netic fields, B and E are the field amplitudes, l is the field
length, D is the drift length between the fields and the detec-
tor, and q, m, and Ekin are the charges, the masses, and the
kinetic energies of the ions, respectively. The parabolic equa-
tion is a combination of the two former ones and shows that
a TP provides a separation of all ion species and charge
states according to q /m. Every single parabola on the detec-
tor belongs to a different ion charge-to-mass state ratio. The
deflection along the parabola contains the information about
the ion energy.

Figure 1�a� shows the setup of the TP. It is housed in a
separate vacuum chamber to protect the detector from debris
produced by the laser-plasma interaction and to provide dif-
ferential pumping and isolation from the target chamber. The
laser-accelerated ions enter the TP through a 300 �m diam-
eter and 2 mm thick lead pinhole at the interface to the target
chamber. The pinhole collimates the beam and shields the
detector from �- and x-radiations.

The electric field is produced by two 100�30 mm2 pol-
ished copper electrodes with a field strength of 1 MV/m. The
gap between the two electrodes is 20 mm. The TP is
equipped with an electromagnet that additionally allows to
tune the magnetic field of the TP. The maximum magnetic
flux density between the pole shoes of length l=100 mm is

306 mT at a supply current of 25 A and a supply voltage of
100 V. The electromagnet is energized only for a few tens of
seconds for each laser shot to minimize the thermal load of
the coil. The temperature in the center of the coil is measured
with a Pt-100 sensor. Although the magnet is composed of a
massive iron yoke, the field stabilizes at 306 mT after a few
seconds. The measured magnetic field distribution in the
midplane of the pole shoes is shown in Fig. 2�a�. Measure-
ments of the electric field could not be performed. Thus, the
field was simulated with CST EM-STUDIO,22 and the result is
shown in Fig. 2�b�, the simulation setup is shown in Fig.
1�b�. The simulation was done for the same plain as the
magnetic field measurement. Both fields show a high homo-
geneity in the region of interest �−0.05 m�z�0.05 m;
−0.015 m�y�0.015 m� directly between the electrodes.
Nevertheless, for the analysis of the ion spectra, a full three-
dimensional particle tracking is necessary because of the
fringe fields, which will be discussed in Sec. III.

A two-stage MCP detector in Chevron configuration
from the TOPAG23 company with an amplification of about
106−107 was used for the detection of the ions. It is placed at
a distance of D=100 mm to the end of the electrodes. The
dimensions of the active area are 70�90 mm2. A two-stage
MCP detector provides a higher amplification compared to a
single MCP. Additionally, the channels of the two MCPs are
tilted by 8° to the surface normal. This also supports a high
amplification and suppresses ion back drifts from the MCP
rear side.24 A thin metal electrode made of Inconel, that is a
nickel-based alloy, is vacuum deposited on both input and

FIG. 1. �Color online� �a� View into the TP as used in the experiment at the
LULI 100 TW laser facility. The laser-accelerated ion beam enters the TP
through a 300 �m diameter pinhole on the right side of the image and
propagates through the electric and magnetic fields produced by the two
electrodes and the electromagnet. The ions are detected with a MCP detec-
tor, shown on the left side. �b�: Simulated model of the TP with calculated
proton trajectories from CST EM-STUDIO.22 This simulation was used to bench-
mark the measured data and to identify the ion traces in combination with a
tracking routine.29
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output surfaces of the MCP to electrically connect all the
channels in parallel. A potential of 1.8 kV was applied be-
tween cathode �entrance� and anode �exit� of the MCP. The
electrons created by an ion impact were then accelerated by a
5.5 kV potential toward a phosphor screen to be converted
into visible light. The screen was imaged with a Pixelfly-
charge-coupled device �CCD� camera25 with a custom-made
lens �magnification 1/10�, mounted 42 cm behind the TP. The
lens has a total collection efficiency of 0.01% of the light
emitted by the phosphor screen. At the main wavelength of
the phosphor screen, around 550 nm, the quantum efficiency
of the Pixelfly-CCD is 30%. Nevertheless the calibration can
also be used for other MCP detectors and camera configura-
tions, if the quantum efficiency of the CCD camera and the
collection efficiency of the lens are known.

MCP detectors allow an online measurement of the ac-
celerated ions, giving an advantage compared to the detec-
tion with solid state nuclear track detectors,26 e.g., CR-39
detectors. A CR-39 nuclear track detector is a polymer of
optical quality which suffers a microscopic defect when hit
by an energetic particle. This defect can be enhanced into a
visible track when the CR-39 sample is etched in concen-
trated NaOH. The etching procedure takes about 45–90 min
in six molar NaOH solutions before the readout. The readout

itself takes a few hours for a single CR-39 detector even
though it is possible to do it automatically. Another advan-
tage of the MCP is that it is not necessary to vent the TP
during the experiment �CR-39 have to be replaced after irra-
diation�. Especially for the observation of protons with
CR-39 the etching process and the readout get more compli-
cated for particles with energies higher than Ep=10 MeV
since they are not completely stopped in the detector. This
leads to a low deposited energy in the CR-39, hence to a
weak signal. For particle fluences above 108 particles /cm2,
nonlinearities such as saturation effects can occur that can
lead to a misinterpretation of the data if the etching proce-
dure is not done with extreme caution, i.e., the results depend
strongly on the duration of the etching.27 Nevertheless,
CR-39 detectors are calibrated per se and were also used in
the experiments for the calibration of the MCP.

The dynamical range of MCPs is limited as well as for
CR-39. MCPs can be used for single particle detection, lim-
ited by the MCP open area ratio, that is the ratio between the
area of channels and the total surface area of the MCP �63%
for the used MCP so that every third particle would not be
detected�. The second limitation is the conversion efficiency
�CE� of incoming particles into primary electrons �only a few
percent�, which initiate an electron avalanche in a MCP
channel. A detailed discussion about the MCP CEs will be
performed in Sec. V.

The maximum particle fluxes that can be measured de-
pend on the number of MCP channels and their diameter, on
the type of the MCP detector �one, two, or three stages�, as
well as on the operation mode, continuous, or pulsed. The
indicator for the maximum flux inside the MCP channels is
the strip current. This is the current flowing inside the chan-
nel walls that supplies the current released from the channel
walls. For the used MCP it is 20 �A. Investigations of
Loty28 showed that the gain of the MCP is constant up to
one-tenth of the strip current if the MCP is used in continu-
ous operation. For pulsed operation—takes place in the de-
scribed experiment—a charge saturation due to positive
charging of the channel walls may occur that causes a sharp
decrease in the output pulse, but its current can exceed the
strip current by three orders of magnitude, still maintaining a
constant gain. This allows us to use the MCP in laser-ion-
acceleration experiments since the particle currents are quite
high due to the very short ion pulses.

The larger the channel diameters are, the higher is the
level for charge saturation. Another option to overcome the
saturation limit is the use of a two- or even three-stage MCP
detector. The output burst of the electrons from one channel
of the first plate will be distributed on a number of channels
on the second plate. This will increase the saturation level,
but it will spread the beam.

Nevertheless, the maximum resolvable number of par-
ticles per cm2 is limited. The whole MCP consists of more
than 22�106 channels that is equal to 5.7�105 channels per
cm2. For an adequate analysis without any saturation effects
the particle flux should not exceed this value. Due to the low
CEs an operation with even higher fluxes is possible. In the

FIG. 2. �Color online� Measured magnetic field distribution �a� of the elec-
tromagnet and electric field distribution �b� simulated by CST EM-STUDIO.22

The ions propagate in z-direction through the fields. The maximum field
strengths are 306 mT and 106 V /m. Both fields show a high homogeneity in
the region of interest �−0.05 m�z�0.05 m;−0.015 m�y�0.015 m� di-
rectly between the electrodes.
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described experiments the maximum particle flux was 2.5
�105 particles per cm2 so that the MCP detector worked in a
constant gain mode.

III. ENERGY RESOLUTION OF THE TP

The dispersion due to the electromagnetic fields and the
maximum resolvable energy are of main interest to charac-
terize the TP since these parameters have to be considered
for the data analysis. A few factors define the energy reso-
lution. These are the spatial resolution of the MCP detector,
the maximum dispersion, as well as the pinhole size at the
entrance of the TP and the divergence of the beam.

The spatial resolution of the MCP is limited by the dis-
tance between two channels on the MCP. In our case the
center-to-center distance is 18 �m. Two ions with different
energies could be discriminated if they entered nearby chan-
nels. However, the MCP detector is a two-stage MCP with a
phosphor screen for the imaging, therefore the resolution is
lowered by the spread of the electrons between the stages
and the phosphor screen. The size of the individual phosphor
elements is even smaller, between 2.5 and 10 �m. It is also
possible, that an ion produces electrons in more than one
MCP channel if the ion energy is high enough to penetrate
through the first channel wall and enter a second channel or
even deeper. Therefore, the intrinsic spatial resolution is
about three to five times the center-to-center distance of the
channels.

The dispersion relation of the TP depends on the strength
of the electric and magnetic fields and on the charge-to-mass
ratio of the deflected ion species. With the help of simula-
tions by a tracking routine29 that uses the data from the mea-
sured and calculated field distributions, it was possible to
obtain a dispersion relation E�y� for every single charge-to-
mass ratio. The dispersion relation is given by the following
equation:

E�y� =
P1

y
+

P2

y2 , �2�

With, for example, P1=3.0 MeV mm and P2=1.8
�103 MeV mm2 for protons.

The tracking can also simulate every single ion curve
and delivers data of the maximum particle energies that
were observed by the TP. The main factor that limits the
resolution of the TP is the size of the pinhole at the connec-
tion to the target chamber, in combination with the diver-
gence of the beam. The pinhole collimates the beam and also
protects the MCP from the electromagnetic noise originating
from the laser-plasma interaction. At the described experi-
ments the pinhole size was 300 �m in diameter. Assuming a
monoenergetic ion beam from a point source and a perfect
pinhole image, the spot on the MCP will always be larger
than the pinhole size. In the experiments the signals on
the camera were about 14 pixel wide �FWHM;1 pixel
= �6.7 �m�2� that equals �y=0.74 mm on the phosphor
screen. Therefore two ions with different energies can be
separated if their distance on the detector is greater than this
value. Hence, the energy resolution �E is given by

�E =
dE

dy
�y , �3�

where dE /dy is the derivative of the dispersion relation
in Eq. �2�. For example, for protons with an energy of
E=10 MeV, an energy resolution of �E=1.11 MeV is
reached.

To obtain a better resolution the pinhole size can be re-
duced, provided that the amplification of the MCP is high
enough to get an evaluable signal. Within a second experi-
ment an aperture with a diameter of 100 �m was used. The
signal widths were reduced to 5 pixels FWHM that proves
that the dominant parameter for the TP resolution is the pin-
hole size. The former stated factors such as the spread of the
electrons inside the detector play a minor role.

The maximum detectable ion energies with the TP are
localized on the edge of the x- and �-ray spots �see Sec. VII�
that have a radius of 6.2 mm. They are, for example, 49 MeV
for protons and 7 MeV/u �112 MeV� for O+6. The energy
resolution for these energies corresponding to Eq. �2� are
quite low, �E�p49 MeV�=11.5 MeV and �E�O7 MeV/u

+6 �
=26.3 MeV.

IV. EXPERIMENTAL SET UP

For the extraction of the ion energy spectra from the
intensities on the phosphor screen an intensity calibration of
the MCP is necessary. This calibration was accomplished
within an experiment at the LULI 100 TW laser facility in
Palaiseau, France. The laser delivered pulses with a maxi-
mum laser energy of 30 J on target with a pulse length of
300 fs at a wavelength of �=1.057 �m. With these param-
eters the maximum intensity in the focus reaches I=6
�1019 W /cm2. The focal spot diameter was about 8 �m at
FWHM. The targets were 2�14 mm2 foils with a thickness
of 10–50 �m. The foil materials were gold, diamond, pal-
ladium, tungsten, nickel, and aluminum.

Besides the TP with MCP two other TPs with CR-39
detectors were fielded outside the target chamber �up to one
meter from the target� for the detection of the ions. Inside the
target chamber �42 mm behind the target� a stack of RCFs
�Ref. 30� was used to observe the proton beam. RCF is a
gelatin based material that forms color centers when exposed
to ionizing radiation. The active gelatin layer is usually sand-
wiched between polyester substrates. The experiments de-
scribed in this paper used two different types of RCF: HD
�low sensitivity� type with one 6.5 �m thick active layer
and MD �high sensitivity� type with two 16 �m thick active
layers.

For the acceleration of heavy ions a continuous-wave
heating laser at �=532 nm was used to clean up the target
from the hydrocarbon contaminations. The maximum power
of the laser was 10 W, the maximum target temperature was
over 1000 K. The temperature was measured with an imag-
ing pyrometer that was mounted outside the target chamber.

V. CALIBRATION OF THE THOMSON PARABOLA

A calibration of the TP is necessary for the analysis of
the signals recorded with the MCP detector. Since most of
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the applications for laser-accelerated ions use proton beams,
the primary objective was to calibrate the TP for protons.
This was performed with the help of RCF stacks. These films
can only be used for the calibration of protons since all
heavy ions were stopped in the first and second RCF layer
due to their lower penetration depth. Additionally, first at-
tempts to calibrate the TP for carbon ions were carried out
with CR-39 detectors and a few results will be briefly dis-
cussed in this section. However, the analysis suffers from
low statistics.

A. Proton calibration via radiochromic films

For the calibration of the protons a direct comparison
between the MCP and RCF data is not possible because to
image the entire proton beam the RCFs must be placed in-
side the target chamber directly behind the target. In this case
the distance between the target and the RCF stack was 42
mm. This means that the protons that hit the RCFs are not
deflected by the electric and magnetic field of the TP. For a
comparison the influence of the dispersion has to be consid-
ered. Therefore the MCP counts are readout per constant
energy interval and are compared to the proton spectrum
extracted from the RCF stack.

Figure 3 shows a RCF stack after irradiation. The stack
consists of ten layers of two different types of RCFs, HD-
810 and MD-55.31 The darker background that appears in the
RCFs six to ten results from the two active layers of the
MD-55. Only the lower half of the beam was imaged by the
RCFs, allowing a simultaneous detection with TPs and RCFs
at the same laser shot. From the deposited energy in the RCF
stack the number of protons per energy, hence the proton
energy spectrum, was extracted.32 The deposited energy was
taken at 6° relative to the target normal that corresponds to
the observation angle of the TP. The first step is to scan the
films for their optical density. Using a calibration for the

RCFs obtained at the tandem accelerator at the Max-Planck
Institute for nuclear physics in Heidelberg,33 the optical den-
sity could be converted into the deposited energy. For the
deconvolution of the spectrum it has to be considered that
protons with high energies, that were stopped in one of the
last layers, also deposit energy in all layers before. To get the
proton numbers it is necessary to assume an energy spec-
trum. The spectrum is given by the following equation:

dN

dE
=

N0

�2EkBT
exp�−� 2E

kBT
� , �4�

where dN /dE are the proton numbers per unit energy and E
are the energies of the protons in MeV. kBT and N0 are the fit
parameters of Eq. �4�. This equation follows from the ion
distribution of an expanding quasineutral plasma34 and was
experimentally verified by experiments for proton scaling
laws at the LULI 100 TW laser system.35

The deposited energy for each RCF is then determined
by a ray-tracing routine that calculates it in each RCF using
energy loss tables from SRIM 2006.36 This allows a compari-
son with the measured deposited energy. By minimizing the
square deviation the optimal fit parameters for the energy
spectrum of Eq. �4� are extracted: N0=1.33�1012 protons
and kBT=3.28 MeV.

By comparing the RCF proton spectrum and the MCP
data a calculation of scaling factors that deliver the conver-
sion from the brightness of the phosphor screen into real
proton numbers for any laser shot can be done. The resulting
calibration curve is shown in Fig. 4. The red line shows the
best fit given by the following equation: SF=A�E2+B with
A=4.3�10−5 MeV−2 and B=8.0�10−4. The unit of the
scaling factors is particles per mm2 over MCP counts per
mm2. Since the RCF stack and the TP differ in their distance
to the target and therefore in the solid angle, the data had
been corrected by the ratio of the solid angles to eliminate

FIG. 3. �Color online� RCF stack consisting of ten layers after the irradia-
tion with laser-produced protons. The laser energy on target was 12.4 J.
Only the lower half of the proton beam was observed to provide a simulta-
neous detection with RCFs and the TP in one laser shot. The energies writ-
ten on each layer are the Bragg-peak energies of the protons stopped in the
RCFs. The maximum proton energy is between 13 and 14 MeV and corre-
sponds very well to the results from the TP in Fig. 6�a�.

FIG. 4. �Color online� Scaling factors calculated from the RCF proton spec-
trum to investigate the proton numbers of the MCP data. The curve shows a
parabolic behavior with increasing scaling factors for higher energies. This
is caused by the strong dependence on the energy loss of the protons at the
MCP walls. The fit is given by SF=A�E2+B with A=4.3�10−5 MeV−2

and B=8.0�10−4.
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the steradian in the scaling factors unit. The conversion from
the MCP data to real proton numbers is done by a simple
multiplication with the scaling factors.

The large error of 73% is mainly caused by the varying
gain of the MCP and by the analysis process of the RCFs.
The pulse amplitude distribution of a MCP in Chevron con-
figuration with a plate separation of 50 �m has a FWHM of
120%–150%.24 Hence, the root mean square deviation is
equal to 	= �FWHM/�2�2 ln 2���64% of the peak gain of
107. The error of the RCF analysis is 27%.32 The gray values
of the Pixelfly-CCD camera vary with less than 2%, as well
as the quantum yield of the phosphor screen. This leads to a
total error of 73% according to a Gaussian error propagation.

It is obvious that the proton scaling factors increase with
increasing particle energy, which is caused by the strong de-
pendence on the energy loss of the ions in the MCP coating.
This will be discussed in detail in Sec. V B.

B. Conversion efficiencies of protons into primary
MCP electrons

It was mentioned above that the slope of the proton scal-
ing factor curve increases with increasing proton energy. As
the amplification of the MCP is constant, this is due to the
increase in the production of primary electrons at the en-
trance of the MCP channels. Only electrons that are released
directly at the surface of a channel wall can be accelerated by
the potential on the MCP and will initiate an electron ava-
lanche. Electrons that are released deeper in the wall material
are directly reabsorbed. The higher the energy loss of the
ions that enter the MCP channels is, the more electrons are
released. To test if the primary electron production and there-
fore the MCP count numbers scale directly with the energy
loss of the ions, efficiencies of MeV protons to release elec-
trons from the MCP walls are calculated. CEs of keV ions
were published among others by Proxitronic.37 The highest
efficiency of 80% was found for ions with energies in the
range of 10–50 keV. The maximum analyzed ion energy was
200 keV with an efficiency of 40%.

To obtain the CEs for MeV ions all parameters of the
experimental setup have to be considered. Those are the CE
of photons to camera counts �
1=15 photons per count�,25

including the quantum efficiency of the Pixelfly camera at
the main fluorescence wavelength of the phosphor screen
�30%�, the collection efficiency of the lens �
2=0.01%�,
the quantum yield of the phosphor screen �
3

=0.063 photons /eV�,38 the electron energy �
4=3.7 keV�,
and the amplification of the MCP �
5�107�. This leads to
the number of primary electrons released from the MCP. By
a comparison with the obtained proton numbers from the
RCF calibration, Np, and by considering the open area ratio
of the MCP �
6=63%�, the CEs in percent for protons to
primary electrons at the MCP can be extracted,

CE =

1


2
3
4
5
6

MCP counts

Np
� 100. �5�

Figure 5 shows the CEs together with the energy loss of
protons �calculated by SRIM� in the MCP Inconel coating.
The two curves follow nearly the same slope, which shows
that the number of measured MCP counts and therefore the

extracted scaling factors mainly depend on the energy loss
of the protons. The efficiencies range from 9.1% for the
2 MeV protons to 0.7% for the maximum measured energy
of 13 MeV.

C. Heavy ion calibration via CR-39 detectors

The heavy ion calibration was performed by placing a
CR-39 directly in front of the MCP. The CR-39 had a rect-
angular hole pattern to measure the ions from a single laser
shot with CR-39 and MCP at the same time. The etched
CR-39 detector39 shows the characteristic ion traces with a
few gaps in the lines. Ions of these energy bands are detected
by the MCP. The observed data from the MCP and from the
CR-39 can be directly compared because both measurements
were done at the same position inside the TP. This compari-
son shows a dependence of the scaling factors on the particle
energy, as well as on the charge state of the ions. Unlike the
proton scaling factors, the carbon scaling factors decrease for
increasing particle energy in the analyzed region of 200
keV–4 MeV. This is consistent with the observation for pro-
tons because the energy loss of the ions in the MCP coating
increases in this energy interval. The Bragg peak can be
found at 6.5 MeV. Despite the strong dependence on the
energy loss, the order of magnitude of the scaling factors is
comparable to the one for protons because the dominating
process is the electron multiplication in the MCP channels,
which is equal for all ion species.

Due to low statistics only a very preliminary fit function,
which can be used to analyze further MCP data and to deter-
mine the real ion numbers, was extracted. This will be the
main goal of further investigations, as well as to calculate the
CEs for heavy ions into primary MCP electrons.

The preliminary carbon scaling factors fit function is
given by

FIG. 5. �Color online� Comparison between the normalized CEs of protons
into primary electrons at the MCP �open circles� and the normalized energy
loss of protons in Inconel �dashed line�. Both curves follow nearly the same
slope. The efficiencies range from 9.1% for the 2 MeV protons to 0.7% for
the maximum measured energy of 13 MeV.
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SFcarbon = A +
B
�E

, �6�

where A=−5�10−4 and B=2�10−3 �MeV in the energy
interval from 0.3 to 4.0 MeV that is used for a first estima-
tion of the carbon numbers in Sec. VII.

VI. LIMITS OF EXPERIMENTS AND SIMULATIONS

The analysis of the MCP data suffers from a few accu-
racy limits. In the range of low ion energies, i.e., in the
region of strong deflections by the electromagnetic fields,
discrepancies between the experimental data and the simu-
lated curves from the tracking routine appear. These varia-
tions are caused by the exceedingly difficult reconstruction
of the electric field in the simulation. Especially particles
with low energies, that are strongly deflected in the fields and
leave them close to an electrode, are affected by inhomoge-
neities of the field strength. This happens due to local varia-
tions of the voltage as a result of impurities and roughness of
the electrodes surfaces. The difference between the simulated
and the measured curves could exceed 25% of the charge-to-
mass ratio of two different ions or charge states for the re-
gion of the lowest ion energies.

In addition to the error sources of the experiment, nu-
merical effects of the simulations limit the accuracy of the
calculated electromagnetic fields. The fields were calculated
with an adaptive grid, but the mesh size was limited. Thus,
the strong fringe fields cannot be completely resolved. This
causes additional inaccuracies.

A general drawback in the determination of the spectrum
by using TPs is the assumption that the particles in the trans-
verse spatial profile of the ion beam are uniformly distributed
with respect to their energy. Investigations40–42 have shown
that ions with high energies originate from a smaller source
size on the target and have lower divergence than ions with
low energies. This means that the extracted energy spectrum
depends on the position of the TP in the experimental setup.
The angle between the TP and the target normal plays a role
on how many particles of a specific ion energy are detected.
Because of this fact all measured energy spectra are always

given in particles per energy and per solid angle. Without
any additional diagnostics it is not possible to obtain the total
number of particles in the beam.

VII. TEST OF THE SYSTEM

The TP with MCP was tested within an experiment at the
LULI 100 TW laser facility. The laser operated at energies
up to 20 J on target.

Figure 6�a� shows an image of the phosphor screen of
the MCP from a laser shot onto an unheated 20 �m thick Al
foil that beside others was used for the TP proton calibration.
The laser energy on target was 12.4 J. The figure shows five
parabolas from protons and carbon ions with charges to C+4.
The bright spot in the lower left corner is produced by �- and
x-radiations and by neutral particles moving straight through
the electromagnetic field. The parabolas show a sharp cutoff
near the origin, which corresponds to the maximum ion
energies.

Several shots with different foils were done for the ac-
celeration of heavy ions to find the optimal target material,
laser heating power, and time. As an example, Figs. 6�a� and
6�b� show the results from three shots on different targets
with increasing power of the heating laser. Figure 6�a� was
an unheated 20 �m Al target. It shows a very strong proton
line with a maximum proton energy of 13.6 MeV and four
weaker carbon lines with a maximum energy of 1.6 MeV/u
for C+4. The second target �Fig. 6�b�� was a 50 �m Au target
that was heated for 5 min with a laser power of 4 W. The
brightness of the proton line is reduced as well as the maxi-
mum proton energy �5 MeV�, and the carbon lines are get-
ting stronger. The third target was a 15 �m Pd target, see
Fig. 6�c�. The cleaning time was also 5 min but the laser
power was 8 W. Due to the heating a complete disappearance
of the protons was achieved and multiple heavy ions such as
oxygen, nitrogen, and also palladium were accelerated with
energies up to 5 MeV/u �O+6�. The origin of the oxygen is
most probably palladium oxide, which is produced during
the heating process or in the residual gas.

With the results of the calibration the proton spectrum
and preliminary carbon spectra of a shot onto a 50 �m Au

FIG. 6. �Color online� �a� Protons and carbon lines from an unheated 20 �m thick Al target irradiated by the LULI laser with an energy of 12.4 J on target.
The maximum proton energy is 13.6 MeV. The bright spot in the lower left corner originates from �- and x-radiations and neutral particles, all produced by
the laser-plasma interaction propagating straight through the electromagnetic field. �b� Protons and carbon lines from a heated 50 �m thick Au target. The
proton line is reduced in energy �maximum energy Ep=5 MeV� and intensity �cf. Fig. 6�a��. The carbon lines are getting stronger in intensity. �c� Oxygen,
nitrogen, and palladium lines from a heated 15 �m thick palladium target. The proton line is completely removed. O+6 ions are accelerated up to 5 MeV/u.
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target, shown in Fig. 6�b�, were extracted. The spectra are
shown in Fig. 7. The laser energy on target was 13.1 J, and
the intensity was 2�1019 W /cm2. Usually, the number of
protons is about one order of magnitude higher than the
number of heavy ions, which is the result of the hydrocarbon
contaminations on the target surface together with the accel-
eration mechanism.41 The protons are accelerated first and
shield the electric field from the heavy ions. In this case here,
the target was heated, which results in less contamination
protons on the surface. Hence, much more carbon ions were
accelerated. No gold ions were observed. Due to their low
q /m ratio, they do not gain enough energy from the acceler-
ating field.

VIII. CONCLUSION AND OUTLOOK

A TP was developed at Technische Universität Darms-
tadt and Gesellschafft für Schwerionenforschung and suc-
cessfully tested at the LULI 100 TW laser facility. It was the
first TP with a MCP operating in the strong electromagnetic
noise of a short-pulse high-energy �E�20 J� laser system.
The energy resolution is given by the pinhole diameter at the
entrance of the TP. A calibration of the spectrometer was
done for protons with RCFs and for heavy ions via CR-39
detectors.

In general, high beam fluxes complicate a precise mea-
surement of the total particle numbers. However, especially
for experiments with cleaned targets to accelerate heavy or
even monoenergetic ions43 the TP with MCP is a great ad-
vantage compared to the detection with CR-39. The online
measurement instantly gives specific information of the ac-
celerated ion species, charge states, and the particle spectra.
The latter are given per energy interval and solid angle only,
but they include additional information, e.g., if it was pos-
sible to accelerate ions to high energies combined with a
small energy spread.

Additionally, efficiencies for the release of primary elec-
trons in the MCP by MeV proton beams were presented.
For proton energies from 2 to 13 MeV the efficiencies range
from 9.1% to 0.7% caused by the decreasing energy loss
with increasing energy. The next step will be to calibrate the
TP for different heavy ion species and to extract further CEs
to complete the calibration.

In the experiments protons with energies up to 13.6 MeV
and by using target cleaning techniques, ions with energies
up to 5 MeV/u �Etot=80 MeV� were observed. The results of
the simulations show that the TP can detect protons with
energies up to 49 MeV and O+6 ions up to 7.0 MeV/u �Etot

=112 MeV�.
Besides the optimization of the TP there is still a lot of

research to be done in the field of target production and
target chemistry. Especially for the acceleration of heavy
ions the target configuration is of greatest interest so that it is
possible to know in the first place, which target material
should be chosen to get the desired ion species and energies.
Alternative target cleaning techniques such as ablation
cleaning15 or sputtering16 should help to solve this problem
and should lead to a better control of laser ion acceleration.
First attempts of controlled target cleaning and chemistry, as
well as structuring, resulted in quasimonoenergetic ions43

and protons.20
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