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5. ION BEAM TRANSPORT EXPERIMENTS 

The beginning of this chapter provides information about the GSI-UNILAC linear 
accelerator regarding the generation of heavy ion beams with energies of up to 14 MeV/u. 
Afterwards, is given a detailed overview of the diagnostics used to analyze the interaction 
of the heavy ion beam with the magnetic field of the discharge and the sincronization 
diagram of the experiment with the ion beam pulse. Then follows the presentation of the 
transport experiments. Different kinds of ion species were used to investigate the ion 
optical properties of the discharge channel. To optimize the heavy ion transport conditions 
the discharge was operated at different pressures with and without a prepulse. By 
increasing the charging voltage of the capacitor bank, the discharge current could be 
increased to 60 kA. The experimental results were simulated using the theoretical model 
presented in chapter 2 and compared with those provided by other direct and indirect 
measurements. Also, a comparison of the heavy ion beam transport for different discharge 
conditions is presented. Finally a different approach to initiate long discharges was 
investigated. The ion beam itself was used to create a preferred breakdown path along the 
axis of the discharge chamber.  
 

5.1. The heavy ion beam accelerator UNILAC 
 

The ion optical properties of the plasma channel have been investigated at the 
Gesellschaft für Schwerionenforschung (GSI) in Darmstadt. The heavy ion facility at GSI 
Darmstadt is a combination of different accelerator types consisting of the Universal 
Linear Accelerator (UNILAC), the 60 meter diameter Synchrotron for Heavy Ions (SIS), a 
Fragment Separator (FRS) and the Experimental Storage Ring (ESR). The linear 
accelerator UNILAC is schematically presented in figure 5.1. 
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Figure 5.1. UNILAC accelerator a GSI. 
 

The ion beam transport experiment is located in the experimental area of the linear 
accelerator UNILAC at the end of the Z4 beam line marked in figure 5.1. 

Different types of ion sources are utilized to produce the heavy ion beams. A 
Penning ion source (PIG) is used to generate ion beams of intermediate charge state 
(pulses up to 6 ms length at a maximum repetition rate of 50 Hz). Other types of ion 
sources are: multi cusp ion source (MUCIS) for gaseous elements and metal vapor 
vacuum arc (MEVVA) source for metallic ions. Both can generate high current ion beams 
(short pulses up to 3 ms length with a maximum repetition rate of 17 Hz). An electron 
cyclotron resonance (ECR) source is used to generate highly charged ions (pulses up to 6 
ms length with a maximum repetition rate of 50 Hz) [Gla-00]. The exact position of the 
ion sources is shown in figure 5.1. In the low energy beam transport (LEBT) line the ions 
are extracted and electrostatic accelerated to 2.2 keV/u. A switching magnet is directing 
the ion beam into the high current injector (HSI) section of the linear accelerator, which 
consists of a high current IH-RFQ and two IH-type cavities (IH1 and IH2) working at 36 
MHz. An electrostatic chopper for pulse shaping is located close to the entrance of the 
HSI. In the IH-RFQ section the ions are accelerated from 2.2 keV/u to 120 keV/u. The 
matching of the ion beam to the following IH-type cavities is done with a very short 11-
cell RFQ adapter (called Super Lens). 
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Figure 5.2. Temporal structure of the UNILAC-ion beam. 

 

The final beam energy of IH1 is 0.743 MeV/u, while IH2 accelerates the ion beam 
to the full HSI-energy of 1.4 MeV/u [Bar-00]. At this energy the ion beam is penetrating a 
gas stripper and is then charge selected before entering the second accelerating section. 
This is an Alvarez-type section that contains 4 HF-cavities and works at a frequency of 
108 MHz. By switching off single cavities the heavy ions can be accelerated to different 
energies of 3.6, 4.5, 5.9, 7.1, 8.6, 9.5 and 11.4 MeV/u. For the fine-tuning of the UNILAC 
final energy 17 single gap resonators are placed behind the Alvarez-section. 

Since the ion sources are working in a pulsed regime the UNILAC beam has a 
temporal structure that is presented in figure 5.2. The macrostructure of the ion beam is 
dictated by the working frequency of the ion source. Due to the acceleration in the high 
frequency field the macropulse consist of short pulses of about 2 ns length every 27 ns, 
called beam microstructure. With the help of the chopper installed in front of the HSI 
acceleration section, ion beam pulses down to 30 µs length can be created. Table 5.1 
summarizes the specified beam parameters at the end of the UNILAC for the case of a 
uranium beam [Bar-00]. The parameters given are the beam current, the number of ions 
per 100µs pulse, the energy per nucleon, the energy fluctuation and the beam emittance in 
both x and y directions. 
 

Ion species El. Current 
[mA] 

Part. 
Per/100 µs pulse 

Energy 
[MeV/u] 

�W/W �n,x 
[mm mrad] 

�n,y 
[mm mrad] 

238U28+ 12.5 2.8 1011 11.4 �2 10-3 0.75 0.75 
 

Table 5.1. Specified beam parameters for a uranium beam at the end of the UNILAC. 

 
Since the generation, acceleration and guiding elements of the linear accelerator are 

operated in a pulsed mode, arbitrary pulse-to-pulse time-sharing operation with up to 
three different beams is possible [Gla-00]. 
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5.2. Diagnostics for the ion optical channel properties 
 

For the investigation of the ion optical channel properties the ions are completely 
stopped in a plastic scintillator placed behind the discharge. The detection chain is 
presented in figure 5.4 together with a detailed sketch of the ion trajectories. The pepper-
pot mask bends the laser beam on the axis of the chamber and creates a certain pattern 
from the incoming ion beam. This pattern represents a cross, made of twelve 1 mm 
diameter holes with the central hole missing and one asymmetrically placed hole, as 
already mentioned in chapter 3. To serve both purposes the mask is tilted at 45 degree 
with respect to the ion beam line axis. A detailed view of the pepper-pot mask is 
presented in figure 5.3. The created ion beamlets drift force free over a distance of about 
0.5 m before entering the discharge chamber. In the chamber they are trapped inside the 
plasma channel and forced to oscillate around its axis performing betatron oscillations. A 
plastic scintillator is placed 8 mm behind the plasma channel. The image of the scintillator 
is observed with a camera. To shield the camera against the light from the discharge and 
to protect the plastic scintillator from the laser radiation, a thin metallic foil (12 µm 
titanium or 20 µm nickel) is placed in front of the scintillator. A glass window behind the 
scintillator is ensures the vacuum seal and provides optical access to the light pattern 
created at the impact of the ions on the scintillator. 

 

 
Figure 5.3. Pepper-pot mask used to  

   investigate the ion optical  
properties of the channel. 
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Figure 5.4. Detailed view of the detection chain:  

 pepper-pot mask, scintillator, CCD camera. 

 
Due to the poor light intensity it was impossible to use a framing camera to record 

the evolution of the light spots created by the ion beamlets on the scintillator with an 
exposure time adapted to the experimental time scale. The change in position of the 
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discharge axis in time relatively to the ion beam axis made it impossible to use a streak 
camera, because the light spots on the scintillator are shifting out of the camera entrance 
slit. In conclusion, the only possibility was to use a fast-gated CCD camera with image 
intensifier type DICAM-PRO from PCO with a dynamic range of 12 bits. The pattern of 
the beamlets on the scintillator is acquired in different discharges by delaying the camera 
opening time in respect to the current rise start. The camera exposure time has to be 100 
ns or shorter because of the very fast change of the magnetic field gradient in time. For 
higher exposure times the pictures acquired are distorted because they integrate over the 
changing spot position. 

A critical point during all beam time experiments was the achievement of the 
necessary ion beam intensity in order to produce enough light at the impact of the ions on 
the plastic scintillator. The intensity variations of the ion beam current, up to about one 
order of magnitude over a few microseconds, affect significantly the quality of the 
scintillator pictures. In the pictures in the next sections the spots created by the ion 
beamlets are therefore not always uniformly illuminated and it may happen that some of 
them are completely missing. To enhance the picture quality the gray levels have been 
transformed into pseudo-colors with a gradient from blue to red. Different gain values 
have been used in order to avoid the saturation of the image, for example when the spots 
form one common spot. Thus the colors do not reflect the intensity distribution when 
different picture are compared. The lower left corner of each picture shows the time when 
the image was acquired. This represents the time elapsed from the breakdown of the 
discharge. The phase of the betatron oscillation, shown in the right upper corner of each 
picture, reached at the end of the plasma channel will be used in the following to describe 
the status of the ion beamlets after crossing the discharge channel. Two crossed dot lines 
are used as scale for the pictures of the discharge channel and scintillator. The distance 
between two dots is 2 mm for the discharge pictures and 1 mm for the scintillator and 
simulation pictures. Since at 17 mbar the maximum phase is 2�, the corresponding ion 
beam envelope is shown below each of the scintillator pictures presented in figure 5.20. 

An electrical signal (Macro-pulse) from the accelerator was used for 
synchronization of the discharge with the ion beam bunch. The triggering scheme of the 
plasma channel and the synchronization of the discharge current with the ion beam bunch 
are given in figure 5.5. 

A first macro-pulse signal is used to charge the capacitor bank of the main 
generator, prepulse generator, and laser and to generate a temporal coincidence window 
when all are completely charged. In a coincidence device a second macro-pulse signal 
corresponding to the ion beam pulse of interest is compared with the temporal 
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coincidence window and if the signals coincide the laser, the prepulse and main discharge 
are fired, as well as the cameras and other diagnostics devices. 
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Figure 5.5. Synchronization of the experiment with the ion beam bunch. 

 
To reduce the damage of the scintillator during the transport experiments, short 

ion beam bunches in single pulse operation mode have been used. Even though, after 
about 40 ion beam pulses the light intensity decreases to values lower than half of the 
initial intensity. The accelerator was providing an ion beam pulse of 30 µs every 4 s thus 
allowing charging the capacitors between two incoming pulses and in the same time to 
keep the scintillator aging low. The beam was aligned to be parallel at the entrance in the 
discharge chamber with a Gaussian transversal intensity distribution 

 

5.3. Simulation of the ion trajectories 
 
The scintillator pictures were compared to simulations by calculating the trajectory 

of the ions inside the plasma channel. Two matrices are used to define the spatial ion 
distribution at the entrance and exit of the channel. In the first matrix the ions are 
randomly generated in a circular region, with a Gaussian radial profile. Then the regions 
of interest are selected, namely the ion beamlets. The parameters, which are varied during 
the simulation process, are the discharge current, the channel radius and its position 
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relative to the ion beamlets. The program can treat any arbitrary radial distribution of the 
discharge current. The program is computing the trajectories of the ions and is plotting the 
exit matrix. It was written using IDL version 5.3.1 for windows and can be run on a 
normal PC. The computation time depends on the input particle number and takes a few 
minutes to calculate and to plot the exit matrix for 5000 particles. 
 

5.4. Ion beam transport experiments 
 

Several beam times have been allocated to study the ion optical properties of the 
plasma channels. Different types of ion beams (12C, 238U, 197Au and 58Ni) have been used 
during six experimental runs. The pressure in the discharge chamber was varied between 
the lower limit set by the absorption of the CO2 laser radiation and the upper limit 
determined by the efficiency of the differential pumping system. If the pressure is too low 
the laser radiation is passing without being absorbed, if the pressure is too high the laser 
radiation will be completely absorbed before reaching the end of the discharge chamber. 
With these limitations the pressure could be varied between 2 and 15 to 25 mbar 
depending on the pumps used to sustain the pressure drop between the discharge chamber 
and the beam line. 

In the first beam time discharges driven only by two of the six capacitors (1.33 µF 
each) in the bank, charged to 20 kV have been used. The current reaches its peak value of 
about 25 kA in approximately 2.5 µs. The channels created in this way have shown a weak 
capability of ion transport. During the rest of the experimental tests all six capacitors in the 
bank have been used, charged to 20 kV. The resulting current reaches a peak value of about 
40 kA in approximately 4.5 µs. Further increase of the discharge current was possible 
during the 5th beam time by increasing the charging voltage up to 28 kV. A peak current of 
about 60 kA and a rise time of approximately 5 µs were obtained. 

Because the experiments have been performed as parasitic user the ion species used 
to probe the ion optical properties of the discharge channel have been chosen from the 
available possibilities. 

In the first two runs of experiments a carbon ion beam was investigated. Since the 
results of the following runs were more detailed these first two runs are not presented 
here. For the third beam time a uranium ion beam was chosen with the consequence that 
more light could be obtained from the scintillator due to the higher total energy of the 
ions. In the fourth and fifth runs of experiments a gold beam and a nickel beam were 
respectively used. The last run was using again a uranium ion beam and the experiments 
were mainly dedicated to the diagnostics of the density depression created by the laser and 
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initiation of plasma channels by ion beam induced gas ionization.  
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Figure 5.6. Magnetic rigidity as function of ion charge state for different ion species. 
  The arrows denote the equilibrium charge state at 11.4 MeV/u. 

 
The beam rigidity is an important parameter in ion beam optics. Therefore, the 

magnetic rigidity of the ion species used in the transport experiments is presented in figure 
5.6 as a function of the projectile charge state. The arrows indicate the equilibrium charge 
state calculated with the empirical Betz formula (equation 2.64). Table 5.2 summarizes the 
calculated equilibrium charge state and the corresponding magnetic rigidity for the used ion 
species together with an overview of the experimental runs.  
 

Experimental 
run 

Ion 
species 

Energy 
MeV/u 

Charge 
state 

Betz Charge 
State 

Magnetic Rigidity 
[Tm] 

1st 12C 13.4 +2 +6 1.07 
2nd 12C 11.4 +2 +6 1.06 
3rd 238U 11.4 +28 +67 1.73 
4th 197Au 11.4 +24 +60 1.60 
5th 58Ni 11.4 +12 +26 1.10 
6th 238U 11.4 +28 +67 1.73 

 
Table 5.2. Equilibrium charge state and the corresponding magnetic rigidity. 

 
The theoretical magnetic field gradient necessary to reach different phases (π/2, π, 3π/2 

and 2π) of the betatron oscillation at the end of the channel can be calculated knowing the 
magnetic rigidity of the ion species involved. The magnetic field gradient as a function of the 
ion charge state is calculated for different values of the phase Φ and is presented in figure 5.7.  
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Figure 5.7. Magnetic field gradient for different betatron phases. 

 
The vertical line in each graph is indicating the equilibrium charge state in 

accordance to equation 2.68. The horizontal lines are marking the corresponding field 
gradient necessary to achieve the respective phase. A detailed analysis of the experiments 
is given in the following sections. 

 
5.4.1. Transport of a uranium ion beam 

 
The uranium beam is delivered in the charge state 28+ from the accelerator and is 

stripped in the differential pumping section up to a charge state 67+ according to the 
empirical Betz formula. Thus for an energy of 11.4 MeV/u the uranium beam has a 
magnetic rigidity of 1.73 Tm. The theoretical magnetic field gradient necessary to achieve 
a complete betatron oscillation (phase Φ=2π) along the discharge channel is 310 Tm-1, 
assuming a constant radial distribution of the current density. 

During the experiments the maximum pressure that could be maintained in the 
chamber was 15 mbar. The predischarge, of 1 to 3 kA, was ignited 15 µs after the laser 
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has passed through the chamber and 10 µs before the start of the main discharge and 
improves the stability of the channels. As the hole in the cathode is 1 cm in diameter and 
because of small position fluctuations of the discharge axis in time, the outer ion beamlets 
created by the pepperpot mask are hitting the cathode edge and they cannot be seen on the 
scintillator anymore. 

For the whole pressure range investigated, 2 mbar up to 15 mbar, the ions behave 
almost identical independently if the prepulse discharge between the laser pulse and the 
main discharge is used or not. Therefore only one example is given here because all others 
pictures recorded during the experiments were similar. The main capacitor bank was 
charged to 20 kV and fired 25 µs after the laser pulse leading to a peak current value of 
about 40 kA in approximately 4.5 µs. The gas pressure in the discharge chamber is 10 
mbar and a predischarge of about 2 kA is fired before the main discharge. 

Figure 5.8 shows the scintillator pictures from the uranium beam transport 
experiments. The first frame shows a reference picture representing the light spots created 
by the ions that are freely drifting through the discharge chamber (no discharge channel). 

 

    

   
 

Figure 5.8. Scintillator pictures of a uranium ion beam transported by a discharge channel  
 ignited in 10 mbar ammonia with 2 kA prepulse. Discharge current 40 kA. 

 
Then the discharge is ignited and follows the moments when the beamlets are 

coming out either focused or parallel from the plasma channel. A cross with doted 
branches is used as scale for these pictures. The distance between two dots is 1 mm. After 
the discharge is ignited a focus is observed at about 0.5 µs and an inverted pattern after 
1.8 µs from the current start. At this time the phase of the betatron oscillation has reached 
a value of π/2. From this moment on up to about 4.9 µs, shortly after the current 

�=�/2 �=� �=� 

�=� �=� ���/2 
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maximum, the scintillator images remain almost unchanged. The slight changes of the 
spot positions relative to the other spots that can be observed in the pictures recorded 
during this time are due to small variations of the magnetic field gradient from one 
discharge to another. After this moment (4.9 µs) the spots are starting to move inwards 
because of the decreasing current and further increasing channel radius. At 5.9 µs the 
cross is still inverted indicating a betatron phase slightly higher than π/2. Compared to the 
next experimental runs the dynamic of the ion beam spots on the scintillator is retarded.  

The optical appearance of the discharge is shown in figure 5.9. The distance 
between two dots of the crossed dotted lines is 2 mm. These pictures show a section of 
about 3 cm from the middle of the discharge channel. The inclination of the discharge axis 
relative to the horizontal can be easily seen, indicating that the discharge channels are not 
straight. Because the discharge is starting on the electrode edges some beamlets do not 
make it through the hole in the cathode anymore and hit the cathode surface as it could be 
observed in figure 5.8. During this set of measurements the laser was not tuned for 
maximum absorption in ammonia as described in chapter 4 and the breakdown conditions 
are not sharply defined along the discharge chamber axis. Therefore the channel edges are 
blurred because the current flow is not confined between the boundaries of the rarefaction 
channel created by laser heating as it can be seen in the discharge pictures. 

 

      
 

Figure 5.9. Optical appearance of a 40 kA discharge in 10 mbar ammonia with 2 kA prepulse  
for selected times. 

 
During this run of experiments a gas mixture of 5 mbar argon with 5 mbar 

ammonia was also used. Because of the higher total mass of the background gas, a 
reduction of the radial expansion velocity of the discharge channel and therefore an 
increase of the magnetic field gradient was expected, but no important changes have been 
observed. 
 

5.4.2. Transport of a gold ion beam 
 

For the fourth experimental run a gold beam was available. The ions were delivered 
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from the accelerator in the charge state 24+. In the gas section before the discharge chamber 
they are stripped to an equilibrium value. According to the empirical Betz formula the ion 
charge state distribution is centered at 60+ with ±2 width. The energy was again 11.4 
MeV/u and therefore the gold beam has a magnetic rigidity of 1.6 Tm. The necessary 
magnetic field gradient to achieve a complete betatron oscillation (Φ=2π) along the 
discharge channel is 286 Tm-1, assuming a constant radial distribution of the current 
density. Because of improvements in the differential pumping system the pressure in the 
discharge chamber could be increased up to 22 mbar. During this set of measurements no 
supplementary prepulse discharge was used. The laser was tuned for maximum absorption 
in the ammonia gas and set to deliver the maximum available energy. 
 

Ion charge state 
 

A simple experiment was performed to check qualitatively if equilibrium of the 
charge state predicted by the Betz formula is reached after the ions have passed the 
differential pumping stage (0.5 m) and drift path (0.5 m) before the discharge chamber. 

The change in the ionic charge state when the ion is penetrating a solid carbon foil 
target is well known. Therefore a carbon foil (300 µg/cm2) was placed before the 
differential pumping system. Two sets of data were taken, with and without foil. The 
equilibrium charge state of the ions after crossing the carbon foil is 63+, while the 
equilibrium charge state predicted by the Betz formula after crossing the gas is 60+. 

 

 

 
 

Figure 5.10. Single ion trajectories and scintillator images calculated for three different  
 ionic charge states 40+, 50+ and 60+. 
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With 

Carbon Foil

 

 

Without 

Carbon Foil

 

Stripping the ions means an increase of the charge state and consequently an 
increase in the Lorentz force acting on these particles. Thus, the distance between the 
spots on the scintillator varies proportional to the change in the charge state of the ions for 
identical discharge conditions. Some simple simulations are presented in figure 5.10. The 
single ion trajectories together with the scintillator image for three different charge states 
of the ion projectile 40+, 50+ and 60+ are calculated. By measuring the distance between 
the spots it is found that a difference of 0.2 mm corresponds to a change of 10 in the 
charge state of the projectile. 

The discharge was operated in 8 mbar NH3 and the current rises to a maximum 
value of 25 kA in 2.5 µs. A uniform discharge with a diameter of about 10 mm is created 
on the axis approximately 1 µs after the start of the current pulse. Pictures of the plasma 
channel have been presented in the figure 5.8. The magnetic field gradient reaches a value 
of about 60 T/m, strong enough to force the ions to oscillate around the discharge axis and 
to come out with an inverted distribution at the end of the channel. The acquisition system 
(scintillator-fast gated camera) was absolutely calibrated. It was determined that one pixel 
on the image corresponds to 0.08 mm of the object. The error resulting from the 
calibration is smaller then 1%. In conclusion, measuring the distance between two spots 
the ionic charge state could be determined with an accuracy of �5, which is good enough 
for the aims of the experiments. 
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Figure 5.11. Pictures of the discharge channel and scintillator. 

 
Figure 5.11 presents the pictures of the scintillator with the carbon foil placed in 

the ion beam path (top row) and without it (bottom row). The first picture shows the 
pattern of the ion beamlets before the plasma channel (left pictures) then they cross the 
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plasma channel (light emission shown in the middle pictures) and come out inverted, 
(right pictures). The scintillator pictures taken before the ion beam enters the plasma 
channel show a clear difference between the spot diameters for the case when the foil is 
inserted in the ion beam way (the ions are scattered) in comparison with the case when the 
foil was removed from the ion beam way. 

The light profile along a line for the horizontal and vertical branches of the pattern 
created by the ion beamlets spots have been fitted with a Gaussian function and the results 
are shown in figure 5.12. 
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Figure 5.12. Horizontal (left) and vertical (right) fitted profile of the scintillator images  

 after the ion beam has crossed the plasma channel. 

 
A small shift is observed in the vertical profile due to the very bad quality of the 

light spots on that branch of the cross pattern. Since no difference is to be seen in the 
position of the peaks of the rest of the spots it was concluded that the ion projectiles reach 
an equilibrium charge state distribution when crossing the differential pumping system 
and the value predicted by the Betz formula can be used to calculate the ion trajectories 
while they are crossing the discharge channel. 
 

Ion transport (p = 15 mbar) 

 
Figure 5.13 shows the appearances of the plasma channel seen with a CCD camera 

in the optical wavelength range for the moments when the scintillator images are captured 
are. The main bank was charged at 20 kV and fired 25 µs after the laser pulse. No 
prepulse discharge was used between the laser pulse and the ignition of the main 
discharge. The pressure in the discharge chamber is 15 mbar and the discharge current 
increases to a peak value of about 40 kA in about 4.5 µs. The pictures correspond to the 
times when the scintilator images have been acquired. Vertical and horizontal doted lines 
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with a distance between two dots of 2 mm are used as scale of the pictures. These pictures 
show that the channels produced in this configuration are stable and homogenous. In the 
beginning its dimensions are very small. The plasma column is expanding and after about 
2 µs a pinching of the plasma occurs. Afterwards, the channel increases continuously. 

 

       
 

Figure 5.13. Optical appearance of a 40 kA discharge in 15 mbar ammonia  
 without prepulse for selected times. 

 
Figure 5.14 shows scintillator pictures taken when a plasma channel initiated in 15 

mbar NH3 is used for transport. These pictures can be compared to results of a Monte 
Carlo simulation in figure 5.15. 
 

     

    
 

Figure 5.14. Scintillator pictures of a gold ion beam transported by a 40 kA discharge channel  
ignited in 15 mbar ammonia without prepulse. 

 
The first picture is the reference picture taken for the discharge chamber filled at 

15 mbar. The scattering of the heavy ions in the high-pressure gas leads to a blurred 
picture. The next image is taken 0.26 µs when the channel is very small (less than 5 mm) 

�=�/2 �=�/2 �=� �=3�/2
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and the inner circle of beamlets (1-2-3-4) is inside the channel while the outer beamlets 
(5-6-7-8) are outside in the region with a non-linear magnetic field distribution. Therefore 
the inner beamlets are collected in a point, the bright spot in the cross center, and the outer 
beamlets are distorted, forming branches of the cross. 

 

     
 

Figure 5.15. Simulations of the scintillator pictures corresponding to figure 5.15. 

 
After another 0.12 µs the channel diameter has increased but still not enough to 

surround the outer beamlets completely. The intensity in the center increases and is 
reduced in the wings of the cross. Because the discharge axis has moved the image is 
shifted and distorted. At 1 µs the channel diameter becomes large enough to enclose all 
beamlets. At this time the current has reach a value of 10 kA. The magnetic field gradient 
forces the beamlets to perform a half-betatron oscillation and to exit the discharge 
parallel. The pattern is inverted compared to the reference picture; the asymmetric ninth 
hole is now on the lower left side while in the reference it is located on the upper side. At 
1.98 µs the magnetic field is strong enough to cause the plasma channel to pinch. The 
channel is still large enough to surround all beamlets, but two of them are left outside 
because of a displacement between the channel and the beam axis. These two beamlets 
are forming the two blurred lines in the picture while the rest of them are merged into a 
common round spot. The phase of the betatron phase is 3π/2. From now on the channel 
radius starts to increase. Up to 3.2 µs the pattern on the scintillator does not change 
substantially. During this period the maximum bending power is reached. After 3.2 µs the 
channel expands with increased speed and the magnetic field gradient and bending power 
decrease continuously from now on. At 5.1 µs, shortly after the current maximum, the 
beamlets are coming out of the channel parallel, as it was the case at 1 µs. At 7.1 µs the 
beamlets are merged into a common spot and at 8.76 µs when the current is almost zero 
the beamlets leave the channel as they are entering. 

The image recorded at 5.15 µs shows sharper spots on the scintillator compared to 
the reference picture. This effect is the result of a decreased pressure in the plasma 
channel compared to the initial gas pressure and therefore less scattering of the ions 
occurs.  
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For this pressure it was not possible to find an agreement between experimental 
results and the simulation considering a uniform current distribution. Therefore the 
images in figure 5.15 are simulated considering a Gaussian distribution of the current. 

 
 

Figure 5.16. Current density and magnetic field radial distribution used to simulate  
 the scintillator image at 1.98 µs (figure 5.15). 

 
The width of the distribution has been varied together with the current until a good 

agreement was obtained. The position of the ion beamlets relative to the channel axis was 
also varied. As an example the current density distribution and the corresponding 
magnetic field used to simulate the scintillator image at 1.98 µs are shown in figure 5.16. 
As it can be observed the magnetic field increases almost linearly up to about 3 mm and 
then starts to decrease for radii larger then 5 mm. 
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Figure 5.17. Channel radius measured as the FWHM/2 of the light profile and estimated from the deflection  
  of ions (left). Current measured with the shunt and the values used in the simulations (right). 

 
The current values resulting from the simulations are about the same as those 

measured with the shunt (figure 5.17), but the channel widths are considerably higher than 
those from the channel images in figure 5.13. The channel radius measured as the FWHM/2 
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of the light channel profile and determined from the deflection of the ions is given in the left 
graph of figure 5.17. The radius from simulation corresponds to the region with linear 
increase of the magnetic field. 
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Figure 5.18. Magnetic field gradient calculated from simulations (red hollow symbols) and using the  

 FWHM/2 of the light profile of the channel (full black symbols). 
 

Looking at the magnetic field gradient in figure 5.18, a huge difference between 
the values obtained from simulations (red hollow symbols) and those calculated using the 
radius measured as the FWHM/2 of the emitted light profile (black full symbols) is found. 
 

Ion transport (p = 17 mbar) 
 

Next, the pressure in the discharge chamber was increased to 17 mbar. The same 
experimental conditions as for 15 mbar have been used. Figure 5.19 shows the pictures of 
the discharge channel at different times. 

 

         
 

Figure 5.19. Optical appearance of a 40 kA discharge in 17 mbar ammonia without  
   prepulse for selected times. 

 
The channel pictures have been acquired simultaneously with the scintillator 
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pictures presented in figure 5.19. Stable and uniform discharges could be produced over 
the whole half period of the current waveform. At 1.38 µs a weak pinch of the plasma 
column can be observed followed by a period of about 2 µs when the diameter of the 
channels remains almost constant. Since the current is continuously increasing over this 
time gap, it leads to the generation of higher magnetic field gradients compared with 
discharges produced in 15 mbar gas pressure, where the channels are starting to expand 
immediately after the pinch time. 
 

      

                                        

      

                                       
 

Figure 5.20. Scintillator pictures of a gold ion beam transported by a 40 kA discharge channel ignited  
 in 17 mbar ammonia without prepulse. 

 

Figure 5.20 shows the experimental results from the transport of the gold ion 
beam. Below each picture the envelope of the ion trajectories inside the discharge channel 
is sketched for the respective time. As before, the first image in the series is the reference 
image followed by pictures taken at different times after the current start. Up to 1 µs the 
spot dynamics on the scintillator does not differ. At this time the phase of the betatron 
oscillation of the ions is π. Further on the process is accelerated and with 0.5 µs earlier 
than at 15 mbar, already at 1.38 µs after the current starts, the image on the scintillator is a 
round spot formed as the beamlets are merged together for the second time, corresponding 
to a 3π/2 phase. While the radius varies slowly the magnetic field developed at 2.76 µs is 
high enough resulting in one full betatron oscillation and the beamlets exit parallel exactly 
as they are entering the channel. The phase of the betatron oscillation for this moment is 
2π. Because of the change in time of the discharge axis position, two crossing lines are 

�=�/2 �=�/2 �=� �=3�/2

�=2� �=3�/2 �=� �=�/2 �=0 
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clearly visible in the middle of the beamlets pattern. They represent the holes 7 and 6 of 
the mask, which are outside the plasma channel. At this moment the maximum bending 
power has been reached. 

 

   

   
 

Figure 5.21. Simulations of the scintillator pictures in figure 5.20. 

 
Since the magnetic field gradient is inversely proportional to the square of the 

channel radius, small changes in radius lead to large changes of the field gradient. Thus 
after 0.6 µs the radius has increased only by 0.5 mm, but the magnetic field gradient 
already decreased drastically, which is reflected in the image on the scintillator at 3.38 µs 
with a phase of 3π/2. At 5.5 µs a parallel beam leaves the channel (� = π), at 7.86 µs the 

beamlets are merged to a common spot (� = π/2) and at 9.78 µs the beamlets leave the 

channel parallel as they enter it (� = 0). 
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Figure 5.22. Left graph: channel radius measured as the FWHM/2 of the light profile (black full dots) and  
from simulations (red hollow squares). Right: current measured with the shunt (black line)  
and the values used in simulations (red hollow symbols). 

 



 83 
 

For this pressure the same current density distribution as before was considered to 
simulate the scintillator pictures. The channel radius measured as the FWHM/2 of the light 
profile of the discharge pictures and from the deflection of the ions is presented in the left 
graph of figure 5.22. The radius from the simulation corresponds to the region with linear 
increase of the magnetic field. The right graph shows the current measured with the 
external shunt and the values used in the simulations. The current values are in this case 
also about the same as externally measured with the shunt but the radius differs by a factor 
of approximately 2. 
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Figure 5.23. Magnetic field gradient calculated from scintilator simulations (red hollow squares) and  
 using the measured radius (black full dots). 

 
A big difference is found when the magnetic field gradient is calculated, figure 

5.23. The magnetic field values resulted from simulations are higher as for 15 mbar gas 
pressure that justifies the higher betatron oscillation phase of the ion motion at the channel 
end in this case.  
 

Ion transport (p = 20 mbar) 

 
Until now only a Gaussian current density distribution could be used to simulate 

the scintillator images. Since a uniform current density distribution is desired for transport 
we have further increased the pressure in the discharge chamber. An increase of the 
pressure to 20 mbar changed the channel evolution. Figure 5.24 presents the optical 
appearance of the channel for the selected times. As it can be seen turbulences are build 
up after 2 µs after breakdown. They have a helical structure with a step between 11.5 and 
6.5 mm. The almost regular helix structure transforms in time to an irregular and fibrous 
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shape but the cylindrical geometry of the discharge is not destroyed.  
 

          
 

Figure 5.24. Optical appearance of a 40 kA discharge in 20 mbar ammonia without prepulse  
 for selected times. 

 
Figure 5.25 shows the evolution of the spots on the scintillator. Up to 2 µs sets of 

three pictures are presented. The left and the middle picture are the scintillator pattern at 
the channel entrance and exit, respectively. The simulation of the scintillator is shown in 
the right picture. The position and dimension of the discharge channel relative to the 
scintillator pattern is marked with a white circle in the reference picture on the left side. 
No important changes are to be remarked in the evolution of the spots on the scintillator 
compared to the 17 mbar case. Just that the whole process is even more accelerated and 
already at 1.3 µs the betatron phase is 2π. 

It is interesting to observe that the scintillator pictures do not show any nonlinear 
behavior for times higher than 2.5 µs. The ion motion is influenced only in the beginning, 
when the turbulence starts to evolve (at 2.5 µs when the discharge has a clear helix 
structure). Later, everything relaxes and the scintillator pictures reveal a uniform radial 
current density distribution. 

The situation has changed drastically for this gas pressure. Now a uniform current 
density radial distribution could be used to simulate the scintillator images. 
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Figure 5.25. Scintillator pictures of a gold ion beam transported by a 40 kA discharge channel ignited  
 in 20 mbar ammonia without prepulse and with their simulation (right). 
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Figure 5.26. Left graph: channel radius measured from the light profile (black full dots) and from the  

 deflection of the ions (red hollow triangle). Right graph: current values measured with  
 the shunt (black full symbols) and used in simulations (red hollow symbols). 

 

The channel dimensions resulted from the simulation of the ions trajectories 
correspond to the FWHM/2 of the light profile of the emitted light. This could be seen in 
figure 5.26. The right graph in the same figure shows the current values measured with the 
external shunt and the values used in simulations. Once more, the current values needed to 
simulate the scintillator images correspond with the externally measured values. The 
magnetic field gradient generated in this case reaches values that are very close to those 
calculated using the FWHM/2 as radius. Also their temporal evolution coincides as shown 
in figure 5.27. The magnetic field gradient calculated from scintillator simulations is 
plotted with red hollow symbols and the one obtained using the radius measured as the 
FWHM/2 of the light profiles of the channels with full black symbols. The displacement of 
the channel axis as determined from the simulations (red full symbols) and from the 
discharge pictures (black hollow circles) is shown in the right graph. 
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Figure 5.27. Magnetic field gradient calculated from simulations (red hollow symbols) and using the  

 measured radius (full black symbols). Right graph: displacement of the channel axis  
 determined from simulations (red) and from the discharge pictures (black). 
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In figure 5.27 it is remarkable to see that a maximum occurs at about 1 µs, 
corresponding to the slope change in the radius evolution. Further, as the channel radius 
starts again to increase, the gradient values are decreasing up to that moment when the 
magnetic pressure annihilates the plasma column motion and force the channel to keep 
constant its dimensions for about 0.5 µs. During this time the gradient is again increasing. 
Since each picture represents a different discharge it is to believe that this peculiar 
behavior is almost 100 % reproducible. 

 
5.4.3. Transport of a nickel ion beam 

 
For the fifth experimental run a nickel beam was available. The ions are delivered 

from the accelerator in the charge state 12+ and are stripped in the gas section before the 
discharge chamber to the equilibrium value. Conform to the empirical Betz formula the ion 
charge state distribution is centered at 26+ with ±1 width. An energy of 11.4 MeV/u with a 
magnetic rigidity of 1.1 Tm has been chosen. The theoretical magnetic field gradient needed 
to achieve a complete betatron oscillation (Φ=2π) along the discharge channel is 197 Tm-1, 
assuming a constant radial distribution of the current density. The charging voltage was 
varied from 20 up to 28 kV and the pressure was kept constant at 20 mbar during the 
experiments, since the transport efficiency was found to be better at higher pressures. 
Because the channel becomes turbulent after a few microseconds, the supplementary low 
current discharge (prepulse) was added between the laser pulse and the main discharge.  

 
Ion transport (U = 20 kV) 

 
The optical appearance of the channels in this experiment is shown in figure 5.28. 

Turbulences start to develop 2.5 µs after the breakdown. By igniting the prepulse 
discharge before the main discharge, the optical appearance of the discharge improves, as 
shown in figure 5.29. However, the faster expansion of the channels drastically decreases 
the bending power. 
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Figure 5.28. Optical appearance of the plasma channel for 20 kV and 20 mbar without prepulse  
  at selected times. 

 

      
 

Figure 5.29. Optical appearance of the discharge for 20 kV in 20 mbar with 3 kA prepulse. 
 

Figure 5.30 present the scintillator pictures for 20 kV charging voltage and 20 
mbar gas pressure for a discharge without prepulse. These images look similar to those 
from the tests with a gold beam for the same pressure. The maximum phase that can be 
clearly observed in the pictures is 2π at 2.4 µs as for the gold beam. After this time the 
magnetic field gradient strength decreases and at 3.54 µs the phase is 3π/2 corresponding 
to a focus. At 5.1 µs the beamlets are leaving the channel parallel but inverted (�=π) and 
at 8.8 µs again a focus corresponding to a phase of π/2. Finally at 9.82 µs the current in 
the channel is null and the beamlets are leaving the channel as they are entering it (�=0). 

The plasma channel has the same parameters as those when a gold beam was used 
for tests. Because the magnetic rigidity of the nickel ion beam is 1.5 times smaller than for 
a gold ion beam it was expected to obtain a higher phase value of the ion betatron 
oscillation. Simulations have to be performed for analyzing what happened with the ion 
beamlets inside the plasma channel and for understanding the scintillator pictures.  
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Figure 5.30. Results from the 5th run in 20 mbar NH3 and 20 kV charging voltage. 

 
The simulated images of the scintillator pictures are presented in figure 5.31. A 

uniform radial current density distribution was used for every image. Because of their 
complexity it is difficult to describe the pictures at 0.8, 1.76 and 1.92 µs, but the simulated 
images look similar to the real images.  

 

   

   
 

Figure 5.31. Simulations of the scintillator pictures in figure 5.31. 

 
The channel dimension at these times is so small that it cannot surround all ion 

beamlets and corroborate with a shift of the discharge axis is leading to the distortion of 
the initial regular pattern. The current values obtained from the simulation (figure 5.32 
right) are in very good agreement with the measurement. The deviation of the radius 
obtained from simulation of the scintillator images after 2 µs may be caused by the 
instabilities that start to develop after this time. 
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Figure 5.32. Left graph: channel radius measured from the light profile (red hollow squares) and  
 from the deflection of the ions (black full dots). Right graph: current values measured  
with the external shunt (black full symbols) and the values used in simulations. 

 
According to the theory (figure 5.7), the maximum magnetic field gradient 

strength inside the plasma column determined from the simulation corresponds to a phase 
higher than 2π. Therefore, even if it is not visible in the scintillator pictures, a betatron 
oscillation phase a bit higher then 5π/2 at 1.76 µs and 5π/2 at 1.92 µs can be assumed. 
This is in accordance with the test made with the gold ion beam. The magnetic field 
gradient described by the black curve in figure 5.33 corresponds to the radius measured 
from the light profiles of the discharge, while the red hollow dots are derived from the 
modeling of the scintillator pictures. 
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Figure 5.33 Magnetic field gradient calculated from the scintillator simulations (red hollow) and  
 using the radius measured from the light profiles of the emitted (black full symbols). 
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Ion transport (U = 25 kV) 

 
Next the voltage was increased to 25 kV, leading to a peak current of about 50 kA 

in approximately 4.5 µs. A prepulse discharge was used to avoid the growth of 
instabilities and insulator breakdown towards the discharge chamber walls. Figure 5.34 
shows the plasma channels at different times. Because of the use of the prepulse discharge 
the channel has larger diameters in the beginning of the discharge. The first images show 
a plasma channel with almost constant diameter for more than 2 µs. The magnetic 
pressure is able to equilibrate the gas kinetic pressure for this period and therefore the 
plasma is confined to almost the same diameter during this phase of the discharge. 
Afterwards the channel starts slowly to increase.  

 

          
 

Figure 5.34. Optical appearance of the discharge for 25 kV and 20 mbar with 3 kA prepulse. 

 
Figure 5.35 presents the scintillator pictures for 25 kV charging voltage and 20 

mbar gas pressure for a discharge with 15 kV prepulse. These images look similar to those 
from the tests with a gold beam for the same pressure but in a discharge without prepulse. 
The maximum phase of the betatron oscillation is 2π at 2.18 µs after the current start. 
After this time the bending power of the plasma channel is decreasing because the radius is 
continuously increasing and the current approaches its maximum. At 3.82 µs the phase is 
3π/2 corresponding to a focus and at 5 µs the beamlets are leaving the channel parallel 
(�=π). At 7.98 µs the beamlets are focused corresponding to a phase of π/2. Finally at 
8.98 µs the current in the channel is close to zero and the beamlets are leaving the channel 
as they enter, but slightly focused. 
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Figure 5.35. Results from the 5th run in 20 mbar NH3 and 25 kV charging voltage. 

 
Figure 5.36 presents the simulations of the scintillator pictures while figure 5.37 

shows in graphical form the parameters used. The simulated images resemble well to the 
experimentally obtained scintillator images.  

 

   

   
 

Figure 5.36. Simulations of the scintillator pictures in figure 5.35. 

 
The radius determined from the simulation differs from the measurements of the 

light profile while the current values are matching almost exactly the measured ones. 
Consequently, a huge discrepancy is found when the magnetic field gradient is 
calculated. The curves are presented in figure 5.37, where the red hollow symbols are 
used for the magnetic field gradient calculated from scintillator simulations and the full 
black symbols for the values obtained from the radius measured as the FWHM/2 of the 
light profiles of the channels. 
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Figure 5.37. Left graph: channel radius measured from light profiles (black full dots) and from deflection  
 of the ions (red hollow squares). Right graph: the current values measured with the shunt  
 (black line) and the values used in simulations (red hollow triangle). 
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Figure 5.38. Magnetic field gradient calculated from scintilator simulations (red hollow squares) and  
 using the radius measured from the light profiles (black full dots). 

 
Ion transport (U = 28 kV) 

 
Further increase of the charging voltage to 28 kV increases the discharge current 

to about 60 kA for a discharge with 15 kV prepulse. The channels produced are straight 
and stable for times up to the first half of period. Figure 5.39 shows the optical appearance 
of the channel. The radius is slowly increasing up to about 2.52 µs. Afterwards the 
channel starts to expand faster. 
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Figure 5.39. Optical appearance of the discharge for 28 kV and 20 mbar with 3 kA prepulse. 

 
There are no quantitative changes between this case and the previous one from the 

point of view of beam dynamics along the plasma channel. The scintillator images in 
figure 5.40 sustain this fact. The maximum magnetic field gradient is reached at about 
2.52 µs that corresponds to a phase of the betatron oscillation of 2π. Because of the shift 
of the discharge axis, one beamlet crosses the discharge chamber through a region where 
the magnetic field behaves nonlinear, and therefore is created the thin light trace in the 
middle of the pattern. After this time (2.52 µs) the channel radius increases faster, while 
the current rise rate is decreasing. As a consequence the bending strength of the channel 
starts to decrease and the whole process is reversed. 
 

    

    
 

Figure 5.40. Results from the 5th run in 20 mbar NH3 and 28 kV charging voltage. 

 
The simulated scintillator images are shown in figure 5.41. Like for a charging 

voltage of 25 kV the current values used to simulate the pictures agree very well to the 
measured values but the same discrepancy in the radius of the channels appears. 
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Figure 5.41. Simulations of the scintillator pictures in figure 5.40. 

 
The magnetic field gradient calculated using the radius resulted from simulations 

is with a factor of about 3 smaller than the values obtained when calculate using the radius 
determined as the FWHM/2 of the light profile.  

 
5.4.4. Discussions 

 
For understanding the results of the beam transport experiments is usefull a 

comparison between the magnetic field gradient necessary to achieve a certain phase for 
different heavy ion species in the equilibrium charge state. Figure 5.42 presents the 
theoretical calculated magnetic field gradient strength as function of the pahse of the 
betatron oscillation calculated using equation 2.68.  
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Figure 5.42. Comparison between the magnetic field gradient necessary to achieve 

 a certain betatron oscillation phase for different ion species 
 
The magnetic field gradient is directly proportional with the ion beam rigidity, that 

means direct proportional with the particle momentum and inverse proportional to the 
charge state of the ion. Therefore with increasing of the beam rigidity the magnetic field 
gradient has to be increased also, to obtain the same betatron phase. For example, if for a 
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nickel or carbon ion beam is enough a magnetic field gradient of 200 T/m to reach a phase 
of 2� when a gold or uranium beam is used the magnetic field gradient has to be increased 
to 300 T/m to obtain the same phase. 

The magnetic field gradient varies direct proportional with the discharge current 
and inverse proportional to the square of the channel radius. Figure 5.43 presents the 
radial expansion of the plasma channel for discharges initiated at different ammonia 
pressure without prepulse, determined from the simulation of the ion beam trajectories. 
The current doesn’t change with pressure and the values determined coincide with those 
measured with the shunt. For 15 and 17 mbar it was neccesary to assume a Gaussian 
distribution of the current in the simulations. An example of a radial magnetic field 
distribution was shown in figure 5.16. Therefore for these pressures is plotted as radius 
the distance from the discharge axis up to where the magnetic field can be assumed to 
behave linear. It is very intersting to observe that the temporal evolution of the radius 
(with linear magnetic field behavior) does not change with pressure but an improved of 
ion beam transport was observed with increasing the pressure. Since for 20 mbar a radial 
uniform current distribution could be used to simulate the ion trajectories means that the 
whole current is confined to flow inside this boundary. Simulating again the ion 
trajectories but considering a uniform distribution of the current for the radius plotted in 
figure 5.43 was found that for 17 mbar 75 % and for 15 mbar only about 60 % from the 
whole current flows inside this region by the time of maximum betatron oscillation phase.  
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Figure 5.43. Comparison of the transport channel radius for discharges initiated at diferent pressures  

without prepulse. For 15 and 17 mbar was plotted as radius the distance from the  
discharge axis where the magenetc field can be assumed behave linear. 

 

Figure 5.44 presents the temporal evolution of the ions oscillation phase after they 
have pass the plasma channel. The left graph shows the phase evolution of a gold beam 
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for discharges initiated at different ammonia pressure without prepulse. It is easyly 
obsevable the pahse improvement and simultaneously the accelerating of the whole 
process with increasing the pressure. The right graph presents a comparison of the 
transport of a gold and nickel beam for a discharge initiated in 20 mbar ammonia and 40 
kA discharge current. Because the nickel ion beam has a lower magnetic rigidity 
compared to gold ion beam a higher pahse is achieved for the same time. 
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Figure 5.44. Transport of a gold ion beam (left) and comparison between nickel and gold ion beam 

 transport (right) in a discharge initiated at different gas pressures without prepulse. 
 

The results presented in the right graph of the figure 5.44 represent two different 
experimental runs, month’s appart. It is remarkable to observe the same temporal behavior 
of the phase of the two ion species. It can be concluded that the discharge channels 
initiated in this way are very well reproducibile. 
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Figure 5.45. Comparison of the transport of a nickel ion beam in channels initiated in 20 mbar 

ammonia for different discharge currents with and without prepuls. 

 
Figure 5.45 presents the results of the ion beam transport for discharges initiated in 
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20 mbar ammonia for different discharge current with and without prepulse. Because the 
channel becomes unstable after 2 to 3 µs from the breakdown, a prepulse is used to improve 
the optical appearance of the discharge. But now the channel dimension has increased, fact 
that reduces the magnetic field strength. Even the discharge current is increased to 50 kA 
(red circles) and further to 60 kA (green triangles) the maximum phase is 2� while for a 40 

kA discharge without prepulse (black squares) the maximum phase is 5�/2. 
A comparison of the maximum magnetic field determined from the simulation of 

the ion treajectories in the plasma channel and from the magnetic probe measurement is 
presented in figure 5.46. The left graph shows the magnetic field at the channel edge for 
discharge at different pressures without prepulse and the right graph for higher current 
discharges in 20 mbar with prepulse. Because the ions are not perturbing the plasma 
channel while they are traveling along it, the differences between the magnetic field 
values determined by the two methods are belived to come from the influence of the 
magnetic probe on the discharge plasma. The error that comes from the induced 
perturbation of the discharge by the probe is very difficult to estimate. A quite well 
agreement is found between the two measurements if an error of about 35 % is assumed 
for the probe measurement. 
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Figure 5.46. Comparison of the magnetic field strength, measured with the magnetic probe and  

determined from the simulation of the beam transport in the discharge channel. 

 
A good agreement between the radius values determined from simulation of the 

scintillator pictures and measured as the FWHM/2 of the light profile was found only in 
the case of a discharge without prepulse in 20 mbar ammonia. The highest efficiency of 
the ion beam transport was found for this pressure. For lower pressures and discharges 
with prepulse a disagreement with a factor of about 1.5 is observed. 

Independent of pressure or charging voltage the magnetic field gradient values 
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calculated using the parameters from the simulations are very close to the theoretical 
values calculated using equation 2.68 plotted in figure 5.42. The values of the magnetic 
field gradient calculated from using the radius measured as the FWHM/2 of the light 
profile are always higher by a factor of 1.5 to 3. 

Very interesting is the fact that the scintillator images do not reflect the 
turbulences that develop at high pressure. Actually, when the channel becomes turbulent 
the scintillator images look just like for a uniform radial distribution of the current. It can 
be concluded that the visible light coming from the discharge does not reflect exactly the 
current flow distribution through the channel. 
 

5.5. Plasma channel initiation by ion beams 
 

An initiation mechanism that is independent of the gas nature offers real 
advantages in terms of the required filling gas of the reactor chamber from a heavy ion 
beam fusion facility. In a recent work [Yu-98] it was demonstrated that the free electrons 
required for gas breakdown could be created by UV-lasers. An alternative initiation 
method that uses the ion beam from the UNILAC accelerator to create the breakdown 
conditions over the desired path is presented in the following. The experiments have 
shown that straight and stable channels could be initiated in a large variety of gases such 
as air, N2, He, Ar, Kr and Xe. 

Discharge initiation controlled by ion beams was first observed during a run with 
+28U when the discharge was ignited without a preceding laser pulse due to 
synchronization problems. 
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Figure 5.47. Picture of a discharge initiated by a uranium beam (left) and  
  vertical light intensity profile (right). 
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Figure 5.47 shows the optical appearance of the discharge (left) immediately after 
the breakdown. The graph presented on the right shows the vertical light intensity profile 
together with a sketch of the pepperpot mask. It is clear from this picture that separate tiny 
channels are created along the path where the ion beamlets generated by the pepperpot 
mask have passed. Because the camera is integrated along the line of sight the second and 
third profile from top are sums of the light from two and four small channels, 
respectively. The profiles are symmetrically distributed and the distance between two 
consecutive peaks should reflect the distance between the centers of two consecutive 
holes in the mask but because of the ion beam divergence their position is shifted. The 
larger displacement of the second peak from top compared to the forth one is simply an 
effect of positioning of the asymmetric hole respective to the corresponding hole from the 
cross. With time this small channels combine into a single channel. 

During the sixth run of experiments, a special attention was oriented towards the 
initiation of the plasma channel by the ion beam. The same experimental set-up was used 
for these studies and only the pepper pot mask was modified. A single 2 mm diameter 
hole aligned with the chamber axis was used to prepare a single narrow beamlet. The total 
electrical current carried by the ion beam measured with a Faraday cup placed before the 
experimental set-up is about 50 µA. Assuming a Gaussian profile with a widths of 10 mm 
for the ion beam, the current in the selected beamlet was estimated to be approximately 5 
µA. The discharge was triggered 20 µs after the beginning of the ion beam macropulse. 
Stable and reproducible discharge channels could be generated for pressures between 2 
mbar and 15 mbar in different gases. Fast shutter photography was used to investigate the 
hydrodynamics and stability of the plasma channels. dB/dt probe measurements were 
performed in order to measure the magnetic field strength and its radial distribution. 
These measurements could be performed only in air, N2 and NH3 because in noble gases 
the discharge was strongly perturbed by the presence of the probe. 

The temporal evolution of the plasma channel does not change dramatically in the 
case of ion beam initiation compared to laser initiation. In the case of low pressure 
ammonia the discharge is stable for times longer than the first half wave of the current 
waveform while those initiated at higher gas pressure become unstable after 2 to 3 µs. The 
prepulse does improve the channel stability in this case. For all other used gases the 
discharges with prepulse are straight and stable for times longer than the first half period 
of the current waveform. Discharges in pure air and nitrogen gas are stable independent of 
gas pressure and the use of a prepulse. In the case of noble gases (without helium) the 
situation changes. When no prepulse is used the plasma channels are always diffuse and 
the whole discharge chamber is illuminated. This light comes from an insulator 
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breakdown that occurs simultaneously with the axial breakdown. By increasing the 
pressure this effect clearly diminishes but it is still observable. When the prepulse 
discharge is used the plasma channels have sharp edges and no insulator breakdown 
occurs. In helium it was impossible to initiate discharges on the axis for pressures higher 
then 2 mbar independent of the use of the prepulse. A common property of all ion beam 
initiated channels is the axial jitter. Compared to the laser initiation this method is 
providing a better spatial localization of the discharge [Nie-02a]. A simple explanation 
would be the symmetry of the initial conditions when the discharge is triggered. If in the 
case of laser initiation the channels shift up to several millimeters relative to the discharge 
chamber axis, for ion beam initiation they shift with less than one millimeter.  

A magnetic field strength comparable with that presented in chapter 4 for laser 
initiated channels in ammonia was measured for air, N2 and NH3 discharges. This 
measurement was not possible for noble gases because the discharge was closing to the 
chamber wall along the probe body instead of closing at the opposite electrode. 
It can be concluded that the ion beam initiation of long plasma channels is a reliable 
technique that offers real advantages compared to the laser initiation method [Nef-02], 
[Nie-02a]. The channels produced by this technique have adequate geometrical and 
temporal properties for heavy ion beam transport, but a systematical study regarding their 
ion optical properties has to be performed. 
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6. SUMMARY AND OUTLOOK 

This thesis demonstrated that straight and stable half-meter long discharge 
channels could be produced in different gases over a wide pressure range. Laser and ion 
beam initiation techniques were successfully applied to define the path between the 
discharge electrodes. Thus, discharge channels carrying currents as high as 60 kA could 
be investigated and implemented to study the transport of heavy ion beams delivered by 
the UNILAC accelerator. 

A combination of CO2 laser and ammonia gas was chosen for laser initiation. The 
mechanism is the following: the laser radiation is absorbed in the gas by a resonance 
process, the gas is heated and starts to expand leaving a density well behind. As the 
pressure decreases, the breakdown voltage will correspondingly decrease in this region 
and the discharge will occur with high probability along the laser path. The laser 
wavelength was tuned to the molecular vibration levels of the ammonia to increase the 
laser radiation absorption. In 15 mbar filling pressure, absorption as high as 80 % from 
the total initial energy over the 0.5 m long gap between the electrodes could be achieved. 
Initial gas temperatures between 500 and 1500 K were estimated, resulting in a decrease 
of the gas density by 40 to 80 % from its initial values after about 15 µs. The heated gas 
agglomerates in the immediate neighbor region of the rarefaction channel forming a gas 
wall that has an important contribution to the discharge stability and its temporal 
evolution. The channels are reproducible for times up to the current maximum and later 
and the temporal jitter is small compared to the discharge evolution timescale. An 
additional prepulse discharge improves the channel stability and reproducibility, 
especially at high pressures, on the expense of an increased radial expansion velocity.  

Electrical and optical diagnostics have been performed to characterize the spatial 
and temporal evolution of the channels. Specially designed current and magnetic probes 
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have been built to meet the temporal requirements of the experiment. The measurement 
using a low inductive current shunt revealed that the discharge current flowing in the 
plasma channel could reach values up to 60 kA. The magnetic probe measurement 
confirmed these values and in the limit of accuracy shows that the current is almost 
uniform distributed along the radius of the channel. Maximum magnetic field values of 
about 1 T are reached approximately after 2 to 3 µs after the ignition of the discharge. 
Due to the fact that the coils have a diameter of about 1 mm the value of the magnetic 
field measured is an average over the coils surface. This fact is limiting the accuracy in 
determining the channel radius and the magnitude of the field in the neighborhood of the 
channel edge. The probe orientation relative to the magnetic field lines can also induce 
errors in estimating the magnitude of the magnetic field. It seems that in the beginning the 
current lines are deformed in the opposite direction relative to the probe tip and after the 
probe penetrates the plasma sheath the current lines are pulled by the presence of the 
probe. This effect makes the interpretation of the data even more complicated and results 
in an increase of the errors. The fact that these results match with those derived from ion 
beam transport experiments gives confidence in the measurement. 

Streak, framing and normal fast shutter CCD cameras were used to investigate the 
channel evolution and stability. The channel radius presents a different temporal behavior 
depending on the filling gas pressure. At low pressures, up to 17 mbar, the plasma 
experiences a pinching after approximately 1 to 1.5 µs. By increasing the pressure this 
effect becomes less pronounced. These effects have a strong impact on the ion optical 
properties of the plasma channels that are improving with increasing pressure. 
Unfortunately the growth rate of instabilities, mainly the kink (m=1) type, increases with 
pressure. The use of a low current (1.5 to 3 kA) critically dumped discharge (prepulse) 10 
to 15 µs before the ignition of the main discharge has a beneficial effect regarding the 
onset of instabilities and their growth rate. The increased density of the surrounding gas 
wall when a second radial shock is launched by the ignition of the prepulse could explain 
this observation. As every advantage has also disadvantages, the prepulse increases the 
radius of the channels in the moment of ignition. Otherwise they show a quadratic 
expansion independent of pressure. In this case for about 2 to 2.5 µs after the ignition of 
the discharge the channel radius increases slowly, which allows the increase of the 
magnetic field during this time. Therefore a 60 kA discharge initiated in 20 mbar 
ammonia with prepulse has about the same ion optical properties as a 40 kA discharge in 
20 mbar ammonia without prepulse. The only differences between the two cases are the 
growth rate of the instabilities and the channel dimensions, that both represent an 
advantage for the first case. Larger magnetic field gradients are generated if no prepulse is 
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used but special attention has to be paid to the onset time of the instabilities and at the 
matching of the ion beam with the channel dimensions. 

The idea of this work was to prove the possibility of ion beam transport by plasma 
channels. This means to study the conditions under which a collimated heavy ion beam 
travels along the plasma channel and reaches unperturbed the end of the discharge 
chamber. It is desired to achieve a large number of betraton oscillations along the channel. 
This translates into the bending power of the channel, i.e. the capability of the discharge 
to turn back the trajectory of an ion that move towards the channel edge for a large angle 
of the particle path with the channel axis. A maximum angle at which an ion can be turned 
back from the channel edge can be calculated. The larger the oscillation number over the 
half-meter discharge channel the higher is the angle of the ion beam path with the channel 
axis. This represents an advantage when it is desired to transport a strongly divergent 
beam with high transversal momentum, as it will be the case in a fusion reactor. 

The measurements performed with different kind of heavy ions have demonstrated 
that in all cases the ion transport is efficiently at higher pressures. During the experiments 
it was observed that the ion beam transport is very sensitive to the channel radius. The 
magnetic field gradient is directly proportional to the discharge current and inverse 
proportional to the square of the channel radius, therefore fast increasing current rate and 
slow expansion are necessary to achieve a high magnetic field gradient. Small changes in 
radius have a strong impact on the magnetic field gradient inside the plasma column. A 
change in radius of 1 mm requires an increase of the current of about 8 kA to keep the 
magnetic field gradient constant. As the current develops about in the same manner 
independently of pressure, the decreased expansion of the channel that leads to a smaller 
radius at high pressures is responsible for the magnetic field gradient inside the channels. 

More work has to be carried out to improve the displacement of the discharge axis 
with respect to the beam axis. Even if the discharge configuration is not quite that of a 
tabletop experiment, it is relatively compact. If needed this set-up could be transported 
and coupled to other beam lines. 

A new and interesting approach is the ion beam initiation of the discharge over the 
desired path, because this relaxes the requirements of the filling gas and pressure. The 
discharges could be initiated in noble gases like Ar, Kr and Xe or in molecular gases e.g. 
NH3, N2, air at pressures ranging from 2 mbar up to 15 mbar. The electrical current 
carried by the ion beam was estimated to be around 5 µA. Stable and reproducible 
channels could be initiated for discharge currents as high as 60 kA. A real advantage in 
this case is represented by the axial jitter of the channels that is much smaller than in the 
laser initiation case.  
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In both cases, laser and ion beam initiation, the discharge in ammonia is 
characterized by the presence of instabilities. It seems that the onset of instabilities in 
ammonia has the roots in the presence of the hydrogen atoms in the discharge. This 
conclusion results from a collective analysis of the discharge in different gases. After a 
certain time from the ignition of the discharge the ammonia molecule should be 
dissociated and the discharge plasma contains nitrogen and hydrogen atoms or ions and 
different other components e.g. radicals. It should be underlined that the discharges 
triggered in pure nitrogen gas were proven to be stable over a wide pressure range with 
and without prepulse for times up to the current maximum and later. On the other hand 
the ignition of the discharge in helium was not successful (helium has a mass close to that 
of hydrogen). Therefore it is expected that discharges in such a mixture, as it can be 
considered for ammonia immediately after breakdown, have all chances to behave 
inhomogeneously.  

The results are very promising, but further experiments are necessary for finding a 
compromise between variations of the discharge current and the channel radius. The 
improvement of the discharge stability and reproducibility would be also helpful, 
especially regarding a future scaling up of the experiment to longer plasma channels. 
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